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In 1898, Shiga first proved that dysentery of man may be caused by a bacillus, 
and thereby established the etiological distmction between bacillary and amebic 
dysentery Durmg a severe outbreak of dysentery m Japan, he isolated a 
bacillus, now called Shigella dysentenae (Shiga), that was specifically agglu- 
tmated by the sera of patients with dysentery In the two decades following 
this discovery, other baciUi were recovered from patients with epidemic or 
endemic dysentery and shown to be the causative agents of this disease They 
differed, however, m certam respects from S dysentenae and are classified today 
as S paradysenlenae, S sonnei, and S schmitzii These four species have 
certam essential features m common and are considered, therefore, as members 
of one group the genus Shigella They are, furthermore, recognized as the 
cause of bacillary dysentery of man (true dysentery baciUi) 

Other microorganisms which share certam morphological, cultural, biochemi- 
cal, and antigemc characters with the true dysentery bacilh, and are, therefore, 
justifiably mcluded m the genus Shigella, are not associated with epidemic or 
endemic bacillary dysentery of man Although pathogemcity or lack of it is 
of prime importance to the medical bactenologist, this characteristic alone is 
not a sound basis for the classification of bacteria Unfortunately, the members 
of this genus which lack a relation to bacdlary dysentery and, therefore, are 
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often considered to be non-pathogenic, have not received the same attention as 
have the tme dysentery bacilli Mention should be made however, that some 
members of the genus which are not associated vntb dysenterj^ nevertheless, 
may be pathogemc for human bemgs and animals and cause diseases other than 
dysentery' IMoreover, from the viewpomt of sj^stematic bactenology these 
members are as important as the true dysentery bacdh Therefore, a review 
of the genus Shigella has to deal not only with those members that cause epidemic 
or endemic bacillarj’- dysenterj^ but also wuth those species that are not specifi- 
callj associated wuth this disease, that is, the allied species of Andrewes (7) 
The attempt is made here to present the pertment data of the genus as a whole 
and to discuss certam features of the different species belonging to it 

THE GENUS SHIGELLA AS A WHOLE 

It is rather difficult, at the present time, to give a definition of the genus 
Shigella which is sufficiently distmctive to differentiate it from others and yet 
broad enough to mclude all of its members Moreover, it is safe to assume that 
some species now mcluded m this genus may be elimmated and that others may 
be added m the future 

The members of the genus Shigella are commonly regarded as gram-negative, 
non-acid-fast bacilli, that have no spores and no capsules The morphology 
of the various members offers no means of differentiation either from each other 
or from other non-motile, non-encapsulated, gram-negative bacilh of the tribe 
Salmonellcae It is generally agreed that, with the possible exception o( S sp 
(Newcastle type), whose taxonomic position is not as yet defimtely established, 
the species of Shigella are non-motile and do not possess flagella 

In regard to the cultural characters, it may be pomted out that the majonty 
of the members grow well on the usual culture media (mcluding Endo agar) 
and are easily maintained thereon over long periods of time They are aerobic, 
and most of them facultative anaerobic bacilli However, it is important to 
note that certam species now mcluded m the genus Shigella differ m their cul- 
tural characters S seplicacmiac, for instance, thnves only in the presence of 
oxv gen and fails to grow on Endo agar These and other exceptions are gen- 
erallv o\ erlooked m presentations of the genus as a w'hole 

Like manj other bactena, the members of the genus Shigella, too, produce 
different forms of colonies on agar plates Unfortunately, dissociation has not 
alwajs been adequately considered cvmn m recent hterature, and. many contra- 
dictorj statements can be found in regard to reversion among the different cul- 
tural phases, the sequence of phase transformation, and association of these 
phc-ces with other characters of the microbes such as biochemical attributes, 
antigenic structure, and virulence Arkwright (9) has described m detail the 
S and R forms of .S dyscntenac {Shiga.) The former colomes are smooth, round, 
and domed and the latter flattened with irregular margins and surfaces The 
smooth colonics emulsifv wathout auto-agglutination in physiological salt 
solution, whereas the rough colonies show clumping In addition to these 

uooth and rough colonies, intermediate colonies (Rs, RS, rS forms) are fre- 
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quently observed The mucoid phase (M form), that occurs m many bac- 
tenal species, has been encountered also m members of the genus, for mstance, 
m S eqmrulis Edwards (56) deserves credit for this important observation 
hlmute forms (dwarf or D colomes, G colomegi of Hadley (79) and G-like forms, 
Zwerglolonien) of certam bactenal species have been repeatedly reported both 
by European and Amencan bactenologists Such forms have also been de- 
scnbed among members of the genus Shtgella, particularly, S dysentenae, 
S sonnet, and S equtrults Dissociation and the vanous phases of bacterial 
growth among members of this genus, so far as they occur, will be considered 
with the descnption of the different species This seems preferable to a general 
discussion, because dissociation m certain species of the genus has not as yet 
been studied adequately, and findmgs m one species do not necessarily hold true 
m others 

With respect to their biochemical activities, the members of the genus Shigella 
have but few reactions m common Those members which are associated with 
epidemic or endemic bacillarj’' dysentery of man (with the exception ol S sp 
(Newcastle t 3 q)e)) produce acid but no gas from glucose, cause acid formation 
m htmus milk, reduce nitrates to mtntes," form NHs, are Voges-Proskauer- 
negative, fad to form H^S, do not grow m Koser’s citrate medium, and do not 
liquefy gelatm (181) Some imcroorganisms now mcluded m the genus, how- 
ever, differ m their characters from the above, for instance, S sp (Newcastle 
type) produces acid and gas from glucose, S s&pltcaemtae liquefies gelatm, and 
so forth Furthermore, it should be pomted out that some of the members of 
this genus have not been studied adequately m the past For these reasons, 
any attempt to present the basic and common biochemical characters of the 
genus Shigella is beset with the greatest difficulties Tables 1, 3, 4, 7, and 8 
give the more important biochemical characteristics of the vanous members, 
because, at the present tune, this seems more profitable than any such treatment 
of the genus as a whole 

Attention may be called to the appearance of vanants havmg mcreased bio- 
chemical activity The Sonne dysentery bacillus serves perhaps as the best 
example On agar plates papdlae or daughter colomes frequently appear which 
consist of raised, smooth, entire, rounded outgrowths on the surface Char- 
acteristically, these daughter colomes, m contrast to the parent colomes, fer- 
ment lactose The appearance of these papdlae upon prolonged mcubation 
seems to be responsible for the late fermentation of lactose rather than a slow 
utilization of this carbohydrate 

Durmg the last few years our knowledge of the growth requirements of many 
microorganisins has mcreased considerably, although many questions remain 
unanswered It is mterestmg to mention that important mformation on this sub- 
ject has resulted from mvestigations on the mode of action of the sulfonarmdes 
Untd recently, little was known m regard to the more specific growth require- 

1 In this review, the term G colony is not restricted to those composed of filtrable ele- 
ments alone 

’ Some authors (149) differ on the question of reduction of mtrates 
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ments of the vanous species of the genus Shtgelld The observations of Koser 
and his associates (102, 50), therefore, are of particular interest These authors 
found that many Flexner and Sonne dysentery bacilli either faded to grow or 
grew only poorly m a basic medium consistmg of 15 ammo acids, glucose and 
inorganic salts Addition of mcotmamide or mcotmic acid exerted a marked 
growth-promotmg effect These substances, therefore, may be considered as 
essential growth factors for these strains In passing, it may be mentioned that 
the stimulation of respiration due to mcotmamide is inhibited by sulfapyndme 
(51) It wdl be of mterest to see whether the other species of the genua have 
simdar or different growth requirements 

Whether or not the genus Shigella is characterized by an antigemc component 
which IS common to all its members and differentiates it from other genera 
(genus-specific antigen) can not be defimtely answered at the present time, 
particularly, smce the antigemc structure of some of the members of the group 
has not as yet been thoroughly mvestigated It is highly desirable to know 
whether or not such a genus-specific antigen exists, its demonstration would 
aid greatly m the identification of unknown strams and m the classification of 
species whose taxonomic position has not been firmly established A discussion 
of the antigemc structure of the more important members of the genus will be 
presented below 

A primary subdivision of the genus Shigella is best obtamed by classifying its 
members accordmg to their action upon mannitol and lactose Thus, four 
mam groups are obtamed, whose more important members are presented m 
table 1 As outlmed m the mtroduction, the genus is further subdivided mto 
true dysentery bacilli and allied species accordmg to the relation of the respec- 
tive species to epidemic and endermc bacillary dysentery of man Fortunately, 
this primary subdivision of the genus accordmg to the biochemical characters 
of its members is compatible mth the equally important classification based 
upon the antigemc structure 

The members of the genus which, at the present time, are recognized as the 
cause of epidemic and endemic dysentery m man, are S dysentenae (Shiga), 
S schmitzii, S sp (Newcastle tyqie) , S paradysentenae, and S sonnei Unfor- 
tunatelj , these true dysentery bacilli are referred to m the literature under a 
1 anetj of names Table 2 presents a comparative classification and the respec- 
tue termmology of different authors 

A fev facts pertment to the bactenolopcal and immunological aspects of 
bacillary discntery' may be mentioned Bacillary dysentery of man, charac- 
tenzed by a more or less severe inflammation of the large mtestme, may be 
epidemic, endemic, or sporadic It may occur spontaneously' also m monkeys 
and dogs Sometimes, acute bacillary dy'sentery of man is not termmated by 
rccoi cn , but continues as a subacute or chrome colitis However, it has not 
as y et been conclusi\ ely shown that dy sentery bacilli or other mtestmal microSr- 
ganisms play a significant pathogenic role m this form of colitis 

The bactenological diagnosis of bacillary’ dy’sentery is based upon the isola- 
tion of d\ sentery bacilli from the feces This may be earned out successfully 
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m a relatively high percentage of cases, provided that the bacteriological exami- 
nation IS done m the first few daj^ of the disease and appropnate methods are 

TABLE 1 


A primary classification of the members of the genus Shigella 



OTOUP I 

lACtOSE NEGATIVE 
KANNITOL NEGATIVE 

cEomp n 

tACtOSE NEGATIVE 
UANNrroL-PosmvE 

OEOEP ra 
LACTOSE POSITIVE 
UANNITOL-NEOATIVE 

OEOTIP IV 

LACTOSE POSITIVE 
KAKNITOL-POSITIVE 

True dyaen- 
tery bacilli 

<S dysentariae 

S schmitzii 

S paradysenteriae 


S sonnei 

Allied species 

S ambigua 

S septicaemias 

S minutissima 

S alkalescens 

S gallinarum j 

S pfaffii (?) 

S retigen (?) 

S gintottensis 

S bienstockii (?) 
S oxy genes (?) 

S equirults 

S ceylonensisB 

S madampensis 


TABLE 2 


Comparative classification of the true dysentery bacilli according to different 

authors* 


BEEOEY, ET AL. 

ANOEEWES 
AND INUAN 

EXUBE 

LENT* AND 
FXICOE 

SONNE 

AOEI 

Shtpdla iysenUnae (Shiga) 
Ceustellam end Chalmets 

BaetUiu 

Shifa 

True dysentery ba- 
dllua 

Shiga-Kruse 

bacillus 

SUgs Kruse 
baodlus 

Group Vtn 

ShtieHa onthtgtxn (Andrevee) 
Weldin 

BaciO.ua 

omhiguut 

Pseudo-dysentery 

1 bsciUi I and J 

Schmitz 

bacillus 

i 

1 


BhtitUa paradyscntenattCoi- 
Uns) Weldmt 1 

1 

BadUw 
FUxner — 

Y 

Pseudo-dysentery 

badlU 




Qjjjim 

B 

Flexner 

bftClllQS 

Group n 

vz 

A 

Y bacillus 
(Hiss 
Russel) 

Group I 

y 

D 

Group I 

z 

H 

Group X 

WX X 

CF 

Groups n 
m,IV,V(T) 

W (T) 

G 

Strong 

bacillus 

Group 11 


ShtttBa nmnti (Levme) 

Weldin 

BaetHua 

dtapar 

Pseudo-dysentery 
bacillus E 

Kniao-Soimo 

bacillus 

Group m 



• Compiled after Lenti end Priggo (109) 
t See alao Table fi 


employed In the majonty of cases of bacillary dysentery the causative 
microorgamsms remam locahzed m the mtestmal tract and m the regional l3Tnph 
glands In some cases the dysentery bacilli may be found m the feces m almost 
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pure culture, m many cases, however, they represent only a small percentage of 
all the colomes cultivated, or, they may not be isolated at all In the latter 
instance, the possibihty should be considered that bactenophage may be present 
in the feces The demonstration of bactenophage may aid m the diagnosis of 
baciUarj" dysentery (61, 190) 

Invasion of the blood stream by d 5 ^ 6 entery bacilh is rare, although this may 
occur (152, 90, 90a, and others) Occasionally, the true dysentery bacilh such 
as the Shiga, Ilexner, and Sonne bacilli may mvade other organ systems and 
cause infections, for example, of the urmary tract (152, 137, 138, 142) 

The techmcal procedures used for the isolation of dysenterj’^ bacilli from the 
feces wall be mentioned but very briefly It is important to examme the feces 
as soon as they are obtained, particles contammg pus and blood are suspended 
m physiological salme solution or m infusion broth When immediate exami- 
nation of the specimen is not possible, the matenal can be preserved best in a 
buffered sahne solution (pH 8 5) contammg 1% sodium citrate and 0 5% 
sodium desoxycholate (16) This procedure deserves more widespread use m 
hospital laboratories It is advisable to seed several agar plates with the sus- 
pension and to use a number of differential culture media such as Endo agar, 
MacConkey agar, eosm-methylene-blue-lactose agar, desoxycholate-citrate agar, 
lithium chlonde-Endo agar, or others Bismuth sulfite agar, that is so success- 
fully used for the isolation of tjTphoid bacilli, is not suitable for the recovery of 
dysentery bacilli * Recent studies mdicate that desoxycholate-citrate agar allows 
hea^ ler seeding than MacConkey agar and gives superior results (122, 86, 93a, 
and others) Inoculation of the plates is earned out m this laboratory as follows 
a small area (approximately one-third) of each plate is first seeded, then, the 
loop IS sterilized and cooled, and matenal from the first inoculation of the plate 
IS taken up and streaked on another part of the same plate (second thud), 
matenal from the second moculation is then taken up for seedmg of the remam- 
mg part of the plate Thus, isolated colomes are usually obtamed After 
mcubation for 18 to 24 hours at 37 C non-lactose-fermentmg colomes are sub- 
cultured Fishmg of lactose-negative colomes after further mcubation may in- 
crease the percentage of successful isolations (122) These colomes are then 
studied m regard to morphology, motility, cultural characters, biochemical activi- 
ties, and antigenic structure In this laboratory, fermentation tubes are used with 
glucose, mannitol, and dulcitol Smee autoclavmg at 15 pounds causes a partial 
breakdoiiTi of some test substances, thus leading to false reactions, it is advisable 
to sterilize broths contammg lactose, maltose, sucrose, rhamnose, and xylose by 
filtration through Seitz filters Autoclaiung may not produce a noticeable 
change in pH, howeier, organisms which do not ferment the original substances 
ma\ act upon the breakdown products wuth the formation of acid, or acid and 
gas Such reactions must be carefully avoided 

\ erj rccentU , ilson and Blair (192a) described a new culture medium selective 
for Flexncr d\Bcntcrj bacilli On tbis tellunte-iron-rosolic acid agar Blevner dysentery 
bacilli grow profuselj , whereas E coh and A aerogenes arc largely inhibited Thomas 
and Hulmo (ISOa) ha\e confirmed the usefulness of this medium 
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For diagnostic agglutination tests sera of immunized rabbits are preferable 
When antisera of horses are employed, it should be kept in mmd that the titer 
of normal agglutinins is relatively high and certainly above that of rabbit and 
human sera 

The serological diagnosis of bacillary dysenterj*^ (Widal test) presents greater 
difficulty by far than does that of tj^ihoid fever, this is particularly true m cases 
with infections due to members of the Fle'tner group Whenever the serological 
diagnosis of infections due to species of Shigella is earned out, it is essential (a) 
to use standardized suspensions of known agglutinabihty, (b) to employ a 
standardized procedure (temperature, time of incubation, etc ) , (c) to know the 
titer of normal agglutmins for the respective suspensions, and (d) to employ 
proper positive and negative controls For the diagnosis of mixed infections 
with two or more species of Shigella, the Castellani test may be used success- 
full}^ The uncntical emplo3Tnent of the Widal test for the diagnosis of bacillary 
dysentery has, unfortunately, done much to discredit this method, some authors, 
for example, have postulated a certain titer of agglutmms for all types of dysen- 
tery bacilh as diagnostic of previous or present infection wuthout due considera- 
tion of the pomts just outhned 

The foUowmg therapeutic sera have been used successfully in the treatment 
of baciUary dysentery of man and of experimental infections of ammals (a) Im- 
mune sera contammg antibodies directed against the exotoxin of Shiga's bacillus 
(anti-exotoxin) , and (b) immune sera contammg antibodies directed against 
the dysentery bacilh themselves or their endotoxins (immune-opsonms or tropins, 
bactencidal antibodies and anti-endotoxms) (65, 19a) Human convalescent 
serum has also been recommended (63) 

A second class of specific agents for the treatment of such mfections is bac- 
tenophage There is a considerable literature on the subject, but it is not yet 
possible to make a final statement as to the efficacy of this treatment Certam 
authors beheve that the presence of highly effective bactenophage may termi- 
nate the disease and that its therapeutic apphcation is of defimte value (91, 182, 
160, and others) Others, however, feel that the oral administration of bac- 
tenophage does not alter the clmical course of acute bacillary dysentery (155) 

Much more promismg than treatment with either bactenophage or anti- 
bactenal immune serum are chemotherapeutic compounds of the sulfonamide 
type Space does not penmt a detailed discussion, a few data, however, may 
be given Certam sulfamido compounds are defimtely bactenostatic toward 
dysentery baciUi Moreover, Levaditi and Vaisman (110) demonstrated that 
sulfanilamide and related compounds prevent the effects of certam dysenteric 
endotoxms in vwo However, the role of this ‘anti-endotoxic’ action of sulfon- 
amides m the treatment of spontaneous Shigella mfections of animals and man 
remains to be detenmned Sulfathiazole and sulfaguamdme have proved to 
be efficacious in the treatment of experimental infections of animals and of 
bacillary dysentery of man (Marshall and associates (121), Weil and Gall (187), 
Lyon (115), Cooper and Keller (44, 45), and Libby (114)) Sulfag’^ 
and similar compounds seem to be particularly smtable for the trea' 
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this disease, since they inhibit the growth of members of the genus Shigella, 
are fairly soluble m water, and are only poorly absorbed from the mtestmal 
tract Thus, relatively high concentrations of the drugs can be obtamed at 
the site of the infection 

In regard to specific prophylaxis of bacillary dysentery, active unmumza- 
tion has been attempted by means of (a) Shiga exotoxin-antitoxm mixtures , (b) 
Shiga toxoid, and (c) killed bactenal suspensions With war raging m parts of 
the ivorld where bacdlary dysentery is endemic, the prevention of this disease 
by means of active unmumzation is of particular mterest now and will be fur- 
ther discussed below 

GROUP I THE lACTOSE-NEGATTVE, MANNITOE-NEQATIVE MEMBERS 

1 S dysentenae (Shiga) Castellam and Chalmers is the type species of the 
genus Shigella It is a gram-negative, non-motile bacfilus, it has no capsule 
and forms no spores It grows well on ordmary culture media, the optimal 
temperature for its cultivation is about 37 C Upon mcubation for 24 hours 
on plam agar or MacConkey agar colomes m the S phase are round, shmy, 
smooth, sharply defined, domed, and translucent Colomes in the R phase 
may be either flat and thin with irregular outhnes and rough surfaces, or they 
may be moderately thick, but flattened, with indented or slightly jagged mar- 
gins Generally, after 24 hours of mcubation, the R forms of Shiga’s bacillus 
are somewhat larger than the S forms In addition to typically smooth and 
rough colomes, intermediate forms are frequently seen R vanants may de- 
velop from S strains spontaneously, particularly m old cultures, or imder a 
vanet> of different conditions, for instance, m the presence of bacteriophage 
Arkwnght (9), whose investigations of the different cultural forms of the Shiga 
dysentery' bacillus are of outstandmg importance, found that changes of the 
culture phase are associated with changes of other attributes The S forms 
gn e stable suspensions in physiological salt solution and cause umform turbidity 
m broth cultures In contrast, the R forms agglutinate spontaneously m physi- 
ological salt solution and form a deposit m broth cultures Reason for this dif- 
ferent behavior of S and R forms of S dysentenae is of mterest White (191) 
found that agglutination of the R form of Shiga’s bacdlus m physiological salt 
solution can be preiented, if the alcohol-soluble substances of the bacilli are 
prenously remoied It seems desirable to investigate the nature of these 
alcohol-soluble substances S and R forms differ also m their antigemc structure, 
as mil be discussed below In addition to these normal sized colomes, cultures 
of Shiga's bacillus maj' occasionally show very small colonies, the so-called G 
or G-hke colomes There cannot be any doubt about the existence of this col- 
on} form On the other hand, it remains to be seen w'hether or not elements 
of these colomes are filtrable Attempts to confirm the ongmal observations 
(SO) of a filtrable \ anant of S dysentenae have not been successful (79) This, 
howeier, should not be interpreted to mdicate that filtrable forms of bacteria 
m general do not exist This particular phase of the problem of bactenal dis- 
sociation will be discussed further m the section on S sonnet 
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The biochemical reactions of the Shiga bacillus are very characteristic They 
are presented m table 3 As may be seen from table 3, S dysenienae differs 
m its biochemical reactions from the other members of the group Its failure 
to form mdole clearly differentiates the Shiga from the Schmitz bacillus, the 
other member of the group which may cause dysentery of man 
Antigemcally, the R and S forms of the Shiga dysentery bacillus are dis- 
tmct This was shown by Arkwnght (9) m 1921 Failure to correlate bac- 
terial dissociation and accompanymg changes m the antigemc structure of the 
Shiga bacdlus accounts for many reports m the literature on so-called magglutm- 
able strains Arkwnght showed that rabbits immunized with pure phases of 
either R or S forms develop agglutinins against the homologous organism, 
these antisera give only veiy little cross-reaction with the heterologous organism 

TABLE 3 


Btochemtcal reach ona and antigemc structure of the lactose-negative, mannitol-negative group 
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A •• Aad reaction C •• Coagulation 

Aik - Alkaline reaction + — Indole production 

— ” No indole or aad prodnotion 

* Synonym for isodnlatol 

The S and R forms of all strains are agglutmated by the respective antiserum 
It is now generally agreed that m its smooth phase this species is antigemcally 
homogeneous Arkwnght noted, furthermore, that the S form is agglutinated 
m large clumps by specific antiserum, whereas the R form is agglutmated m 
small clumps which are readily shaken up mto a turbid suspension Absorp- 
tion experiments give further evidence of the distinct antigemc structure of 
these two cultural phases Absorption of a polyvalent serum (which agglu- 
tinates both R and S forms) with the S form elimmates the antibodies to the 
latter without reducmg to any great extent the titer of the antibodies to the 
R form, and vice versa, the R form absorbs its own agglutinins from such a 
serum without markedly reducmg the titer of the antibodies to the S form 
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The chemical analysis of the vanous antigemc substances, which give the 
characteristic immunological pattern to bacterial species and their variants, has 
juelded mterestmg information in the past Such mvestigations of Shiga’s 
dysentery bacillus have been particularly fruitful at the hands of Morgan and 
his associates (129, 130) Similar studies on other species of the genus Shigella 
are highly desirable 

The antigen m smooth strains of the Shiga bacillus which gives them their 
species-specificity has been isolated and purified (129, 130, 150) This antigen 
consists of three mam components (a) a polysaccharide, (b) a pol 3 rpeptide-hke 
substance, and (c) a phosphohpm The latter seems to be of nunor signifi- 
cance The polysaccharide absorbs not only the aggluti n ins to the Shiga 
bacillus, but also the heterophde antibodies, which may be mduced by the 
m]ection of the whole antigen-complex or of mtact bacilh This heterophile 
hapten of the Shiga bacillus was first demonstrated by Iijima (93), who found 
that rabbits mjected vnth a suspension of Shiga’s bacillus formed sheep-cell 
hemolysm of the Forssman type Accordmg to the mvestigations of Meyer and 
Morgan (124, 125), the formation of these antibodies is mduced not by two 
different substances, but by a smgle polysaccharide with two distmct reactive 
groups one reacting with the agglutinm to the Shiga bacillus, the other with 
the sheep-cell hemolysm This observation is of great general immunological 
interest The polysaccharide is a typical hapten, alone, it does not induce the 
formation of antibodies in vivo The polysacchande-polypeptide mixture 
engenders antibodies against both components (150) It is mterestmg to 
note -that antibodies against the polypeptide are not present m immune sera 
prepared by the injection of the organisms themselves The significance of 
these antibodies m immumty remams to be determmed All strains of the 
Shiga dysenterj'- bacillus do not contam the heterophile sheep-cell hapten 
Shiga’s bacillus may lose the sheep-cell hapten upon treatment with bacteri- 
ophage (28) The presence or absence of this heterogenetic sheep-cell hapten 
depends not only upon the mdmdual stram, but also upon the composition of 
the culture medium (60) It is evident that any such changes m antigemc 
structure should be carefully correlated to possible changes of the culture 
phase of the organism This, how'ever, has not always been done m the past 
In addition to the species-specific bactenal polj^sacchande, the Shiga bacillus 
maj contain other antigemc components, for instance, antigens m common with 
human blood cells (58, 59, 162) The sigmficance of the Forssman and blood- 
group antigens in Shiga’s bacillus and, particularly, their relationship to patho- 
gcniciti , remam to be determmed 

The chemical structure of the antigen or antigens characteristic of the B 
phase of the Shiga d^scntery bacillus is not known as yet 

Lcnnc and Fnsch (112) and Burnet (31 to 34) made the important observa- 
tion that a relationship exists between the effectiveness or meffectiveness of 
isolated strains of bacteriophage and the antigemc structure of the respective 
bactenal stram Arkwnght (10), m 1924, reported that from S forms of Shiga’s 
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bacillus, which are resistant to bacteriophage, phage-susceptible vanants may- 
be obtamed It is mterestmg to note that these vanants are always R forms 

A few years follo-wing the discovery of the Shiga dysentery bacillus, it was 
found that stenle culture filtrates were toxic for rabbits, causing diarrhea, 
paralj’-sis of the extremities (due to lesions in the central nervous system) and 
death (43, 134, 158) The exotoxm of S dysenienae is often referred -to as a 
neurotoxm, because it affects the nervous system It is highly reactive m 
rabbits and horses and less so m mice, gumea-pigs, and rats It may be ob- 
tamed by filtration of broth cultures, an mcubation for two weeks yieldmg 
smaller amounts of exotoxm than mcubation for three to four weeks The 
exotoxm may also be obtamed from the bactenal cells themselves for instance, 
by repeated freezmg and thawmg, by shakmg, by chemical methods, and also 
by the action of bactenophage The latter procedure was used successfully 
by Kuhn (106) It is generally true that, so far as members of the enteric 
group of bacilh are concerned, strains m the S phase are more toxic than m 
the R phase The observation of Thibault and Braunberger (178) who reported 
that smooth and rough colomes of a Shiga stram were equally toxic, thus re- 
quires confirmation 

Durmg recent years, several attempts have been made to separate the exo- 
toxm of the Shiga bacillus from the endotoxm Olitsky and Khgler (146), 
Boivm and hlesrobeanu (20 to 22), and Haas (76) claim to have accomplished 
this separation These authors report, furthermore, that the exotoxm affects 
the nervous system (neurotoxm), whereas the endotoxm causes lesions of the 
mtestmal tract (enteroto-xm) This opmion, however, has not been generally 
accepted (184) 

Formaldehyde exerts a characteristic mfluence upon the exotoxm m reducmg 
its toxicity without dimimshmg its antigemc properties to any great extent 
The formaldehyde-treated exotoxm (toxoid) of Shiga’s bacillus is not completely 
devoid of -toxicity (83) The toxoid may be successfully used for the unmum- 
zation of animals m order to obtam high-titered antisera for therapeutic pur- 
poses The mortahty ra-te of the animals mjected -with toxoid is markedly 
lower than that of the animals immunized with the untreated toxm This 
toxoid possibly may be employed also for the active immunization of man and 
may prove valuable now, with war ragmg m areas where Shiga bacillus mfec- 
tions are endemic 

Cultures of the Shiga dysentery bacillus yield a filtrable substance of toxm- 
like nature which elicits the so-called Shwartzman phenomenon (167) An 
effective filtra-te is ob-tamed by gro-wmg a smtable stram on agar surface, wash- 
ing the gro-wth off -with physiological salt solution and passmg the fluid through 
a Berkefeld filter When such a filtrate is mjected mto the skin of rabbits, 
followed 24 hours later by an mtravenous mjection of the same or certam other 
filtrates, a severe hemorrhagic-necrotic lesion appears at the site of the first 
mjection In spite of the fact that this phenomenon has been mvestigate- 
extensively m animals, the role of the Shwartzman factor m the pathot ■ 
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of bacillary dysentery of man is by no means clear, especially smce it is not even 
known whether this substance is produced under natural conditions of infection 

Brief mention may be made of the reported existence m Shiga baciUi of sub- 
stances which mduce allergic reactions in sensitive mdividuals (169) The 
nature of these allergens and their significance m bacillary dysentery of man 
remam to be determmed 

2 S schmitzii Hauduroy, et al 3 S arvingua (Andrewes) Weldm In 
1917, Schmitz (164) isolated from patients with chmcal signs of dysentery a 
bacillus which showed certain sunilanties to Shiga’s bacillus and yet revealed 
stnkmg differences A similar nucroorgamsm was studied by Andrewes (7) 
m 1918, who referred to it as Bacillus arritnguus At the present time, it is 
impossible to decide whether all organisms identified as either S schmtizit or 
S ambigua are identical or differ m some as yet unknown properties Not until 
these strains have been studied adequately, will it be possible to state whether 
these organisms form one smgle or two different species It is true that Schmitz’s 
bacillus has been recognized as a cause of bacillary dysentery (164, 163), and 
that Andrew es’ baciUus was considered to bear no relationship to dysentery of 
man In this connection it may be pomted out that the factors responsible for 
pathogemcity of certam strains and species are stiff very mcompletely known 
Furthermore, it has not been explamed why one species {e g , S paradysentenae) 
may cause epidemic outbreaks of dysentery m man and a very closely related 
species (eg , S alkalescens) does not In the latest edition (1939) of Bergey’s 
Manual of Determmative Bactenology (19) and m A System of Bacteriology 
in Relation to Medicme (72) only one species is recognized An extensive 
study of all features of these microorganisms is defimtely needed, and it should 
be kept m mmd that such closely related organisms as S paradysentenae and 
S alkalescens are recogmzed today as two distmct species 

S schmitzii resembles Shiga’s bacillus, but it may readily be distmguished 
from the latter by its capacity to form mdole and to produce acid from rham- 
nose (table 3) Antigemcally, this species is homogeneous (161) and distmct 
from Shiga’s bacillus Antisera to the Schmitz bacillus obtamed from rabbits 
agglutmate Shiga’s bacillus only slightly or not at all Likewise, antisera to 
Shiga's bacillus fail to agglutmate to high titer the bacillus of Schmitz When 
cross-reactions are encountered, agglutmm-absorption tests allow a defimte 
differentiation of the two organisms Another important difference between 
the tw o species exists with respect to their toxicity, the Shiga bacillus producing 
a pow erful exotoxin, while the other does not 

4 S scphcaemiac (Bergej', et al ) Bergey, et al 5 S minutissima (Migula) 
Bergej , cl al Both of these microorganisms were first described many years 
ago and hai e receu ed but little attention recently Only a few data are avail- 
able A thorough reinvestigation of these two species is defimtely needed 
Otherwise, the incomplete information wall be earned from edition to edition 
of the manuals of bactenology Only when the characters of these organisms 
are knowai adequatelj , wall it be possible to identify unknown strains, to study 
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the incidence and pathogenicity, and to reconsider the taxonomic position of 
these two species 

S septicaemtae was isolated m 1904 by Riemer (156) from geese and referred 
to as “Bacillus septicaemiae ansenim exsudativae ” It is a small rod (0 1 by 
0 3 to 1 0 /i) Accordmg to Riemer, it thnves onl}’- m the presence of oxygen 
and thus differs from other members of the group which are facultative anaerobes 
Apparently, the groiHh requirements of this organism differ from those of the 
majonty of the members of the genus Shigella, masmuch as S septicaemiae 
fails to grow on Endo agar In a medium contammg glucose it causes a change 
of the pH to the acid side It fails to ferment lactose and manmtol (table 3), 
and may form HjS and traces of mdole It liquefies gelatin 

5 mtnulissima was first isolated m 1896 by Kruse (104) from an abscess and 
descnbed as “BaciUus pyogenes mmutissimus ” It is a small rod (0 5 by 1 0 /x) 
It produces acid from glucose, but not from manmtol and lactose (table 3) 
It causes acid and clot formation m litmus milk It fails to produce mdole and 
does not hquefy gelatm 

6 (S sp (Newcastle type) In 1929, Clayton and Warren (41, 42) isolated 
from patients presentmg symptoms of dysentery a microorganism which they 
considered to be the cause of the disease and which differed from previously 
descnbed species Smce then, this species has been encountered also m the 
Umted States 

At the present tune, this imcroorganism is regarded as a member of the genus 
Shigella (19) It must be pomted out, however, that this bacillus differs m 
certain characters from all other members of this genus In the first place, it 
IS considered to be somewhat motile In the second place, it produces small 
amounts of gas from certam carbohydrates m peptone-water and even larger 
amounts when grown m Lemco-broth Its taxonomic position, therefore, has 
to be reconsidered The fact that this microorganism may cause a dysentery- 
Iike disease m man, is not sufficient reason to mclude it m the genus Shigella 

S sp (Newcastle type) produces acid and gas from glucose, maltose, and 
dulcitol, it fails to attack lactose, sucrose, and manmtol, it causes acid forma- 
tion m litmus milk and does not produce mdole Strains similar to the New- 
castle bacillus, but fermentmg manmtol have been descnbed (52) 

Antigemcally, this species is homogeneous, accordmg to the mvestigations 
of Clayton and Warren (41, 42) It is interestmg to note that the Newcastle 
bacillus bears no antigemc relationship to Shiga’s bacillus, but gives cross-reac- 
tions with certam members of the Flexner group It may be mentioned m this 
connection that patients with dysentery due to sp (Newcastle type) may 
develop specific agglutinins Normal human sera fail to agglutmate this 
organism 

GROUP n THE LACTOSE-NEGATTVE, MANNITOL-POSITTVE MEMBERS 

7 S paradysentenae (CoUms) Weldm is often referred to as the Flexner 
group of dysentery bacilh As a typical member of the genus Shigella, it is 
^ Jion-motile, gram-negative bacillus Its average size from mature agar 
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cultures is 0 5 by 1 0 to 1 5 m It grows readily on ordinary culture media, 
including Endo agar On plam agar the colomes may have the typical features 
of S, R, or S R forms The R forms may occur spontaneously, particularly 
in old cultures, or they may be obtamed by growmg S forms m broth contaimng 
homologous antiserum, bacteriophage, or certain disinfectants such as phenol 
or formaldehyde Papillae are less frequently seen with members of the Flex- 
ner group than with Sonne’s bacillus On lactose-contammg media these papil- 

TABLE 4 


Biochemical reactions and antigenic structure of the lactose-negative, mannitol-positive group 
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Old classification of the varieties of Shigella paradysenterxae according to sugar fermentations 
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lac remain lactose-negatu e (74) On media contammg other carbohydrates 
such as maltose and sucrose, these daughter colomes may show mcreased 
fermenting power 

The more important biochemical reactions of the Flexner group are summar- 
ized in tables 4 and 5 r\Jl of its members produce acid without gas from 
glucocc and mannitol Differences in biochemical actmty of various strains 
wath respect to the fermentation of maltose and sucrose w'ere used m the past 
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for the subdivision of the Flexner group into the following varieties (a) Hexner 
vanety , (b) Hiss-Y-Russell variety , (c) Strong variety (table 5) These fermen- 
tation reactions, however, are neither constant in all instances, nor does the 
resulting subdiiusion parallel the more important classification based upon the 
antigemc structure Unfortunately, the biochemical classification of the Tlex- 
ner group is still largely used m the clmical bterature, it should be abandoned 

To the medical bacteriologist the differentiation of the Flexner group from 
other members of the genus Shigella is of great importance, particularly, be- 
cause the epidemiological sigmficance of this group differs greatly from that of 
closely related species As may be seen from table 4, mdole formation and 
action upon rhamnose, xylose, and dulcitol allow a prelimmary differentiation 
of the Flexner group from other lactose-negative, manmtol-positive members of 
the genus Shigella S paradyscnienae differs from S alLalescens by its mabil- 
ity to produce acid from rhamnose, xjdose, and dulcitol It must be men- 
tioned, however, that a few strains of the Flexner group produce acid from 
rhamnose after mcubation for several da 3 ^ (144, and others) It has also 
been reported that an occasional stram of the Flexner group may ferment dul- 
citol on prolonged mcubation As will be mentioned below, members of the 
Flexner group can readily be differentiated from 5 alkcdescens by serological 
methods 

S paradysentenae is comprised of antigemcally different types Investi- 
gators m different countries have studied the antigemc structure of vanous 
strains and proposed different classifications, — a fact which adds more diflaculties 
to an already difficult subject Table 6 presents the vanous antigemc types of 
S paradysentenae, as designated by different authors 

Audrewes and Inman (8) have subdivided the Flexner group mto five different 
types, referred to as S paradysentenae V, W, X, Y, and Z These authors 
believe that the vanous members of the group contam four different antigemc 
components (V, W, X, and Z) and that the respective type is determ i ned by 
the predommance of one or another of these antigens The presence of mmor 
and varymg amounts of the other antigemc components explams the well-known 
cross-reactions occurrmg between the different types In S paradysentenae 
Y the four antigemc components V, W, X, and Z are rather evenly distributed, 
it remains doubtful, however, whether this type also contains a fifth antigemc 
component (Y) 

There can be no doubt that the Flexner group is comprised of more than the 
five ongmal types of Andrewes and Inman (table 6) Sartonous and Reploh 
(161) have described four additional types, three of which correspond to types 
reported by Aoki and Murakami Their data do not completely correspond 
to those of Lentz and Pngge (109) (see tables 2 and 6) The most significant 
contribution to this subject is that of Bojffi (24 to 27), who made an extensive 
study of the antigemc structure of some four thousand strains belongmg to the 
maimitol-fermentmg group of dysentery bacilli About 75% of S paradysen- 
tenae strains are classified as belongmg to the five Types V, W, X, Y, and Z 
of Andrewes and Inman The remaimng 25% of his strains are comprised of 
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about nine additional types A study of variants of these organisms has led 
Boyd to a new conception of the antigenic structure of the members of this 
species, which differs essentially from that of Andrewes and Inman Boyd 
gives experunental evidence that the members of the Flexner group may con- 
tain a group-specific (species-specific) antigen in addition to type-specific anti- 
gens The group-specific antigen itself is compnsed of about six components, 
some of which are common to various types of the Flexner group On the 
other hand, the type-specific antigen characterizes the respective ts^pe only 
Thus, accordmg to Boyd, the cross-reactions encountered with different types 
of the Flexner group, are due to common group-specific antigens At the pres- 
ent tune, 13 (possibly 15) different types of S paradysenierzae can be recog- 

TABLE 6 


Classrficaltons of the anhgemc types of Shigella paradysenienae according to different authors 
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mzcd (table 6) They include the original Types V, W, X, and Z of Andrewes 
and Inman and Types 88, 103, and PH9 of Boyd These seven types contain 
both group-specific and t 3 ’pe-specific antigens The reraaimng six types (170, 
P2SS, P274, Dl, Dl9, and P143) contam type-specific antigens only TFere 
cannot be anj doubt that additional tj’pes exist and that some of the types 
dc=!cnbcd bj Boid haie been studied also by other mvestigators Boyd’s 
Tipe 88 IS identical with either Tj^ie K or Tj'pe L of Sartonus and Reploh, 
clarification on this point is needed Whether Types F and G of Sartonus and 
Reploh are identical wath anj of the types descnbed by Boyd, remains to be 
seen The antigenic relationship of the recently descnbed types to other 
spccica of the genus Shigella and to other genera needs further mvestigation 
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It IS e^^dent that the antigenic heterogeneity of the species iS paradysentenae 
renders a chemical analysis of the antigenic components particularly difficult 

Mention may be made that the differentiation of vanous antigemc types of 
the Flexner group is aided by determination of the susceptibility of the strains 
under mvestigation to different pure strains of bactenophage (34) 

Dissociation accompamed by changes in the antigemc structure is rather 
frequently encountered in members of the Flexner group These vanants may 
differ from the parent colony in the properties of (a) agglutination, (b) ag- 
glutinm-absorption, (c) agglutmogenesis (117, 118) It may be mentioned in 
passing that, m contradistmction to Shiga’s bacillus, members of the Flexner 
group lack the heterophde sheep-cell hapten, accordmg to Jungeblut and Ross 
(97) Certam strains of S paradysentenae share antigens with members of the 
genus Salmonella (Bomstem, Saphra, and Daniels (23)) This latter observa- 
tion may serve as one of many illustrations of the antigemc mterrelationships 
between different genera and shows that classification of microorganisms should 
not be based solely on antigemc pattern 

With respect to the pathogenicity of the different types of the Flexner group, 
it IS of mterest to note that all of the five T 3 p)es V, W, X, Y, and Z of Andrewes 
and Inman may be associated with bacillary dysentery of man (39, 72) Also, 
some of the new types descnbed by Boyd m 1932 and 1938 (25 to 27) undoubt- 
edly may cause baciUary dysentery, these strains havmg been isolated (often 
m almost pure culture) almost exclusively from patients with dysentery The 
fact that these patients developed specific agglutinins gives additional evidence 
of the^pathogemcity of the new types of Flexner dysentery bacilli It is of m- 
terest to determine the incidence m other parts of the world of the types of 
S paradysentenae descnbed by Boyd 

The question as to whether or not a hnk exists between the mortahty rate 
and the type of the Flexner group mvolved deserves further study Haessler 
(82) reported a mortality rate of about 30% in his 24 cases of infections due to 
S paradysentenae, T 3 pe D (cf table 6), while the mortahty rate was consid- 
erably lower m infections due to other types In our senes of more than 20 
cases of dysentery caused by Type D no death occurred (Neter, unpublished 
data) Teveh and Tamasi (177) noted no differences m the seventy of infec- 
tions due to different types 

The Widal test for the diagnosis of dysentery due to members of the Flexner 
group 18 rendered very difficult because of them antigemc complexity In 
the first place, it necessitates the use of several antigemc tjpes In the second 
place, no hard and fast rules can be given with respect to agglutinin titers 
mdicative of infection The titer of normal agglutmms of human sera for 
members of the Flexner group may range from 1 10 or less up to 1 400 and 
above, even when identical experimental conditions are observed Repeated 
examinations give more rehable results than a smgle determmation of the 
agglutimn titer It may be mentioned that sera of patients with infections 
due to Shiga’s bacillus may also agglutmate certam of the Flexner dysentery 
bacdh It IS regrettable that the Widal test for the diagnosis of infections with 
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Flevncr bacilli has been used quite frequently -mthout due consideration of the 
points just outlined, and that conclusions regarding the etiology of chronic 
ulcerative colitis have been based on such results 

S paradysentcnae is markedly less tovic for axpemnental animals than 5 
dijscnicnae In contrast to the latter organism, Flexner dysentery bacdb do 
not produce a powerful exotoxin On the other hand, livmg or even killed 
suspensions of S paTadyseniericie may cause lesions and death of ani m als, 
attnbutable to the action of endotovms present withm the bacterial cells The 
fact that Flexner dysentery bacilli do not produce an exotoxin may account for 
the climcal observation that dysentery of man due to these organisms usually 
appears to be less toxic than dysentery caused by Shiga’s bacillus 

8 S alkalescens (Andrewes) Weldm was first desenbed m 1918 by Andrewes 
(7) It resembles S paradysentenae m many respects and has been quite 
frequentl}’’ confused mth it As a matter of fact, a stram of S alkalescens has 
been used for the production of a commercially available “Flexner antiserum”! 
S alkalescens is a non-motile, gram-negative bacillus that grows well on ordi- 
narj culture media, mcluding Endo agar On agar the colomes are usually 
of the S form , occasionally, R vanants may be seen The biochemical reactions 
of this organism are very characteristic, the more important ones are sum- 
manzed in table 4 Like S paradysentcnae, S alkalescens produces acid 
v ithout gas from glucose, maltose, and manmtol In litmus mfik, following 
transitorj acidification, it produces a characteristic strong alkaline reaction 
Indole is always produced As mentioned above, it differs from Flexner’s 
bacillus in its capacity to produce acid, usually within 24 to 48 hours, from dul- 
citol, rhamnose, and xjdose Furthermore, it maj’’ be differentiated from 
paradysentcnae by means of the acid-agglutination test, accordmg to Andrewes 
(7) S alkalescens is agglutmated in test solutions of pH 2 2 to 3 2, whereas S 
paradysentcnae is not clumped under identical conditions These findings, 
hovel er, have not been completely confirmed by other authors The possi- 
bihti has to be considered that the susceptibility to acid-agglutination of S and 
R forms of Flexner’s bacillus maj'^ not be the same From a practical point 
of MOW, acid-agglutination is superfluous, because serological methods allow 
a much more reliable differentiation between these two species 

Antigenicallv, S alkalescens has been considered until recently to form a 
homogeneous species (7, 189, 139, 145) Recently, however, Assis (13) has 
described two different antigenic t 3 Tjes (Tj'pes I and II) Only a few' Type II 
strains ha\ e been described thus far (13) Of more than 40 strains of S al- 
I alc’ccns isolated in this laboratorx' all were of Tj’pe I 

S all alcseens (Tjqie I) is antigemcally related to S paradysentenae antisera 
to 5 paradysentcnae may agglutmate to high titer S alkalescens and, vice 
tersa, antisera to S all alesccns maj' agglutmate certam tj^pes of Flexner dysen- 
ten bacilh Howci er, it has been shown that 8 alkalescens (Type I) contains 
a spccies-spccific antigen which is not shared bj' Flexner dj'sentery bacilh 
Vbiorption of an antiserum to 5 alkalescens with a suspension of Flexner dysen- 
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tery bacilli (Types V, W, X, Y, and Z) eliminates all antibodies to the Flexner 
bacilh without reducmg the titer of agglutmms to S alkdescens (140) 

S alkalescent may be found in the intestinal tract of man free of enteric 
disease (Snyder (172)) Convincmg evidence is accumulatmg, however, that 
this organism may cause mild and even severe forms of dysentery or ententis 
(12, 13, 64, 133) It also may cause other diseases such as septicemia and infec- 
tions of the urmary tract (170, 173, 194, 137) Further evidence of its potential 
pathogemcity is the observation that patients infected with this microorganism 
may develop specific agglutinins dunng the course of the disease (139) 

9 S gaUtnarum (Klein) Weldm is a non-motile bacillus Its more important 
biochemical characters are shoum m table 4 It produces acid from glucose, 
mannitol, maltose, rhamnose, xylose, and dulcitol, but fails to attack lactose 
and sucrose Indole is not formed, and gelatm is not hquefied It produces 
HjS The reports on its capacity to reduce mtrates and to cause changes of 
the pH m litmus milk are conflicting (99, 123) 

It IS mterestmg to note that a similar organism, iST galhnarum (v&t Dutshurg), 
has been descnbed recently by Muller (131) as the cause of acute gastro-ententis 
m man This microorganism was studied by Kauffmann (98) It differs from 
S gaRinarum m its mabihty to form H^S, its slow production of acid from 
maltose, and its failure to form acid from d-tartrate 

Antigemcally, S galhnarum, S galhnarum (var Duisburg), and Salmonella 
Vullmim are identical, masmuch as they contain the 0-antigen of Group D of 
the genus Salmonella It is mterestmg to pomt out that this particular somatic 
antigen is shared also by E typhosa Thus, species now considered to belong 
to three different genera contam a common antigen Some bactenologists 
consider S galhnarum as a member of the genus Salmonella, more speciflcally 
as a vanety of S puUorum 

It may be mentioned that S galhnarum differs m its antigemc structure from 
<5 pfaffix 

St John-Brooks and Rhodes (176) have studied S galhnarum m detail and 
compared it with S jeffereonii of Hadley and his associates S colomes of the 
latter were found to be identical with those of S galhnarum m every^ respect, 
mcludmg antigemc structure Apparent differences between these two or- 
ganisms were those of R and S dissociation Thus, there is no longer any 
reason to consider S jeffersomt as a distmct species of the genus Shigella 

10 S pfafii (Hadley, et al ) Weldm was first isolated from cananes suffermg 
from septicemia Its distribution and its pathogemcity for animals other 
than the canary remam to be determmed It is unknown whether this micro- 
organism, like S galhnarum, may cause gastro-ententis or other diseases m 
roan In Bergey’s Manual of Determmative Bactenology (19) and m Eelser’s 
Manual of Veterinary Bactenology (99) it is descnbed as non-motile Accord- 
mg*to St John-Brooks and Rhodes (175), however, it is considered to be motile 
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If the latter observation is correct, this organism should be eliminated from the 
genus Shigella 

S pfaffii produces acid without gas from glucose, manmtol, maltose, rham- 
nose, and xylose, but not from lactose, sucrose, and dulcitol (table 4) It does 
not produce mdole, does not reduce mtrates, and fails to hquefy gdatm Its 
mabdity to ferment dulcitol and its antigemc structure differentiate it dis- 
tmctly from S gaUinarum (175) A thorough remvestigation of this species is 
defimtely needed 

11 S rettgen (Hadley, et al) Weldm was first isolated m 1909 by Rettger 
from a cholera-hke epidemic m chickens Its distribution and its pathogenicity 
for various animals and man are not known 

S rettgen is a non-motile bacillus,* it produces acid without gas from glucose, 
manmtol, and xylose, but does not attack lactose, sucrose, maltose, and dul- 
citol Litmus milk is rendered alkahne (table 4) Accordmg to Hadley and 
to Bergey’s Manual (19), this organism does not produce mdole, St John-Brooks 
and Rhodes (175), however, obtained positive results S rettgen does not 
hquefy gelatm A thorough remvestigation of this microorganism is desirable, 
particularly m regard to mdole production, mcidence, and pathogemc signifi- 
cance 


GROUP m THE LACTOSB-POSIITVE, MANNITOL-NEGATIVB MEMBERS 

Any attempt to discuss the lactose-positive, manmtol-negative members of 
the genus Shigella is confronted with great difiBculties In the first place, 
organisms of this group (with the exception of iS ginioUensis) have not been 
studied adequately and have received but scant attention durmg recent years 
In the second place, the data available m various textbooks, manuals, and dic- 
tionanes do not correspond It appears likely that some of the organisms 
do not belong to this group or even to the genus Shigella A thorough rem- 
’ vestigation of the available strains seems necessary Otherwise, our knowledge 
of these species will remam as it was several decades ago 

12 S gintottensis (Castellam) Hauduroy, et al -was first descnbed by Castel- 
1am many years ago Smce then, httle has been added to our knowledge of this 
species This organism has been recovered from the feces of patients with dys- 
entery and has been considered as the cause of this disease According to 
CasteUam (37), it is a non-motile, gram-negative bacillus, it produces acid 
from glucose, and may or may not ferment lactose, it does not attack sucrose, 

’ According to Dr P R Edwards, Department of Animal Pathology, Umversity of 
Kentucky, Lexington, Kentucky (personal commum cation), a supposed descendant of the 
original strain of Hadley’s culture spreads readily in semi-sohd agar when transfers are 
made from the projecting growth Continued transfer in this medium gives rise to a very 
actively motile culture which possesses the cultural and biochemical properties of the 
original strain Thus, it appears that S rellgtn, like S pfafi, should be eliminated from 
the genus Shtoella 
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mannitol, maltose, and dulcitol, it causes acid and clot formation m litmus 
milk, it does not form mdole (table 7) If certain strains of this species do not 
produce acid from lactose, as stated by Castellam (37), it is hardly justifiable 
to mclude them m this particular group of the genus Shigella Certainly, it 
should not be classified among the manmtol-fermentmg species, as it has been 
m Bergey’s Manual (19) 

13 S bienstockii (Schroeter) Bergey, et al is & non-motde, gram-negative 
bacillus Accordmg to the description m Bergey’s Manual of Determmative 
Bactenology (1934) (18), it produces acid from glucose and lactose Ford 
(66), however, states that it fails to ferment lactose and sucrose and produces 

TABLE 7 


Biochemical reaclxons and antigenic structure of the lactose-positive, mannitol-negative group* 

(Data for xylose not available) 
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* Compiled from Bergey’s Manual of Determinative Bactenology (18) 
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an alkahne reaction m glucose broth It does not form mdole It causes acid 
and clot formation m litmus milk Gelatm is not hquefied (table 7) 

14 S oxygenes (Ford) Bergey, et al was first isolated by Ford m 1901 It 
IB a non-motile, gram-negative baciUus Accordmg to Ford (66), it does not 
ferment sucrose and lactose and produces an alkahne reaction m glucose broth 
In Bergey’s Manual of Determmative Bactenology (1934) (18), it is descnbed 
as an organism which produces acid m glucose and lactose It causes acid and 
clot formation m litmus milk It does not form mdole and fails to hquefy 
gelatin 

GROUP IV THE LACTOSE-POSITIVE, MANNITOL-POSITIVE MEMBERS 

15 S sonnet (Levme) Weldm Late-lactose-fermentmg members of the 
genus Shigella were described as early as 1904 by Duval (54, 55) and 1907 by 
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Kruse (105), and since then by Castellam (36 to 38) However, it was not until 
1915, that Sonne (174) proved beyond doubt that such an organism may cause 
dysentery m man His conclusions were based on a thorough mvestigation 
and his findings may be summed up as follows (a) Sonne isolated this particu- 
lar species from patients with bacillary dysentery, m some instances m almost 
pure culture (b) These patients developed agglutinins toward this bacillus in 
titers rangmg from 1 25 to 1 250, whereas sera of normal persons very rarely 
agglutinated this organism m titers of 1 10 or above (c) With the exception 
of one earner, this microorganism was not found m the mtestmal canal of 
normal mdividuals (d) Fmally, Sonne succeeded m produemg a dysentery- 
like disease m a monkey by feeding one of his strains Today, this bacillus is 
referred to as <8 sonnei, sometimes also as the Duval-bacillus, Duval-Sonne 
bacdlus, Kruse-Sonne bacillus, Kruse-E-baciUus, and B ceylonensis A (Castel- 
lam) 

The Sonne dysentery bacdlus grows well on ordmary media, often somewhat 
more luxunantly than either Shiga or Flexner dysentery bacilh The cultural 
characters of a large number of strains have been thoroughly mvestigated by 
Dienst (48), Koser and Dienst (101), Chinn (40) and Glynn and Starkey (74) 
Upon isolation on lactose-contauung culture media, Sonne’s bacdlus first appears 
as a non-lactose-fermentmg colony After incubation for 24 hours on agar 
the colomes are rather flat, somewhat granular and opaque and have a diameter 
of 3 to 4 mm The colomes present a smooth, raised, central zone grading out 
to a thm slightly irregular edge Upon further mcubation the size of the colony 
mcreases Papillae or daughter colomes appear, which consist of raised, smooth, 
entire, rounded outgrowths on the surface Forty-eight hours after their 
appearance these daughter colomes are usually 1 to 2 mm m diameter Char- 
acteristically, they ferment lactose A few strains fad to develop papdlae 
even upon mcubation for two months Hall (84) as well as Sears and Schoolmk 
(165) showed that the late fermentation of lactose is due not to a slow utdiza- 
tion of this carbohydrate, but to the appearance of lactose-fermentmg daughter 
colomes Essentially the same holds true for the action on sucrose (154) 
Many different colony forms can be obtamed from older cultures on agar 
Among them are flat, entire colomes with bevelled edges and a moist shmy 
surface Accordmg to Glynn and Starkey (74), this particular colony form 
does not breed true and does not give rise to daughter colomes 

Of great interest are the G or G-like colomes of S sonnei, which were in- 
vestigated by Dienst (48), Koser and Dienst (101), and Chinn (40) These 
colomes on agar have a diameter of 0 012 to 0 2 mm as compared to a diameter 
of 1 5 to 2 5 mm of normal sized colomes It is worth emphasizmg that G or 
G-hke colomes of S sonnei are obtamed infrequently and irregularly Chinn 
(40) found dwarf colomes to represent only about 1% of all colomes of old 
strains Biochemically, the organisms of G colomes are markedly less active 
than those of the parent colomes This may be due to (a) the relatively slow 
growth of the organism and (b) absence or low concentration of certain consti- 
tutive enzymes or inabihty of the organisms to form adaptive enzymes The 
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fact that growth-promoting substances such as serum mcrease the biochemical 
activity of the G tjTpe colony, is m favor of the first possibfiity On the other 
hand, it should be pomted out that even in the presence of serum some G type 
colomes fail to produce acid from sugars which are fermented by normal sized 
colomes Antigemcally, certain G type colomes seem to be related to normal 
strains Some, but not all G type colomes of S sonnet revert to normal sized 
colomes upon prolonged mcubation on agar or foUowmg repeated serial transfers 
to broth or agar Thus far, G colomes of S sonnet have not been recovered 
duectly from lesions m man In this connection it is important to pomt out 
that G colomes of S equtrults have been isolated directly from foals There is 
no convmcmg evidence for the existence of filtrable forms of S sonnet Only 
one of the strains of Chinn (40) passed through N filters, this strain, however. 


TABLES 

Btochemtcal reactions and antigenic structure of the lactose-positive, mannitol-positive group 
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did not revert to normal All other experiments have failed to reveal filtrable 
forms of this organism 

The biochemical characters of the Sonne dysentery bacillus are summarized 
m table 8 From a practical diagnostic standpomt it is noteworthy that the 
fermentation of lactose requires several days and sometimes a few weeks The 
differentiation of Sonne's from Flexner’s bacdlus is aided by testmg the capacity 
to ferment rhamnose the Sonne bacillus usually produces acid from rhamnose 
m broth withm 24 to 48 hours, whereas most strains of Flexner dysentery 
bacilh fail to do so or produce acid only after mcubation for several days, as 
shown by Hilgers (92) and confirmed m this laboratory The mabihty of the 
Sonne baciUus to produce mdole differentiates this orgamsm distmctly from S 
dtspar, S ceylonensts B and S madampensis (table 8) 

Until recently, the Sonne bacillus was considered to represent an antigemcally 
homogeneous species (103, 94) Recent mvestigations by Glynn and Starkey 
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(74), however, have revealed two immunological types Type I contains one 
of two antigens in predominance, whereas Tj^pe II contains both of these anti- 
gens in considerable amounts This conclusion is based upon the following 
observations antiserum to Type II agglutinates to fuU titer both Types I 
and II strains, whereas antiserum to Type I agglutmates T 5 T)e II organisms 
only to a fraction of its titer Likewise, Type II organisms completely absorb 
the agglutinins from antisera to both Types I and II, while Type I organisms 
absorb not more than 50 to 75 per cent of the agglutinins from a Type II serum 
These find i ngs are not only of theoretical mterest, but also of practical signifi- 
cance It follows that a serum contaimng antibodies directed against Type II 
will agglutmate all agglutmable strains and, therefore, is the serum of choice 
for diagnostic purposes In this connection it may be mentioned that some 
freshly isolated strains of Sonne bacdh are not agglutmated by the homologous 
antiserum, but may absorb the respective antibodies (69) The absorption 
experiment, therefore, may be successfully employed when magglutmable 
strains are encountered Attention may be called to the fact that some so- 
caUed magglutmable strains may be agglutmated by appljung certam proce- 
dures, e g , prolonged mcubation, mcubation at higher temperatures (45 C to 
55 C instead of 37 C), and by centrifugation of the serum-suspension mixture 
Zeithaml and Ecker (196) obtamed specific agglutmation by centrifugation of 
Sonne’s dysentery bacdh which were otherwise not agglutmated 

The Sonne baciUus shares min or antigemc components with some other mem- 
bers of the genus Shigella, namely, S paradysenienae (74) The cross-reactions 
between these organisms, however, are not very marked and generally do not 
mterfere with diagnostic agglutmation tests 

16 S eguindts (de Bheck and van Heelsbcrgen) Edwards is the causative 
agent of a disease of young foals that is characterized by arthritis, nephritis, 
and septicemia The organism was most thoroughly studied by Edwards (56) 
Morphologically, it is highly pleomorphic It is mterestmg to note that on 
agar very young cultures (8 to 10 hours old) frequently show long, filamentous 
forms and streptococcus-like chains, as well as large yeast-hke bodies bearing 
projections The microscopic appearance of the organisms of older cultures 
(14 to 16 hours) parallels to a certam extent the characters of the colony 
Rough, mucoid colomes consist almost entirely of short oval rods, whereas 
smooth colomes contam many long filamentous forms and streptococcus-hke 
chains Edwards made the important observation that rough colomes of 
S eqmndis are always mucoid and that non-mucoid colomes are always smooth 
The trend of the vanation m artificial cultures is from rough to smooth Smooth 
mucoid colonies are found as a transitional stage 

R forms of S eqmrvlis are very mucoid, they have a dry, dull surface, the 
edges are undulate and the surface is extremely rough In broth growth ap- 
pears first on the side of the culture tube, later, a hght pellicle is formed on t e 
surface, and the sides of the tube are covered wnth masses of bactena St 
later, a diffuse growth may occur Smooth colomes on agar, on the other han , 
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are flat or slightly raised, non-mucoid, and have a perfectly smooth surface, 
m broth an even cloudmg occurs It must be noted, however, that the relation 
of the features of cell morphology and mucoid nature of the rough phase, as 
reported by Edwards, differs from finding m other species and that such an 
expert on problems of bactenal dissociation as Hadley (79) raises the question 
as to whether the mucoid-rough cultures of Edwards may have been impure 
Nevertheless, the observation of Edwards of the existence of a mucoid phase 
m a member of the genus Shigella itself is of great importance 

In addition to rough and smooth colomes of S eqmrulis, dwarf colony vari- 
ants may occur These dwarf colomes are composed of short oval rods On 
agar they appear after an mcubation penod of 4 days or longer and usually 
have the same characters m regard to rough or smooth consistency as the parent 
colomes (56) In contrast to normal strains, which grow readily in extract 
broth, these dwarf vanants do not grow at all or only very poorly m this cul- 
ture medium 

Biochemically, S equirvlis forms acid from glucose, levulose, galactose, mal- 
tose, lactose, sucrose, xylose, raffinose, and manmtol , no acid is produced from 
rhamnose, dulcitol, and sorbitol Indole is not formed and gelatm is not 
hquefied It reduces mtrates to mtntes Litmus milk is rendered acid and 
some strains cause coagulation of the milk and reduction of the htmus As 
may be seen from table 8, S equiruks may be readily distmguished from the 
Sonne dysentery bacillus by its mabihty to ferment rhamnose and its capacity 
to ferment xylose 

Antigemcally, S equirulis is a heterogeneous species Both smooth and rough 
colomes of a smgle stram possess a co mm on antigen It is mterestmg to note 
that, as shown by Edwards (56), dwarf colomes are antigemcaUy related to 
the normal strains 

Edwards (56) has made an observation of great general mterest, namely, 
that both rough and smooth forms as well as dwarf colomes of S eguirvlis can 
be isolated from the tissues of infected foals, mdicatmg that all three forms of 
this microorganism may be pathogemc 

It has been suggested that this species might be a member of the genus 
AchnobadUus (unpublished suggestion, cf Bergey’s Manual (19)) 

17 (S ceylonensis B (Castellam) Weldm 18 S madampensis (Castellam) 
Weldm S ceylonensis B and S madampensis were ongmaUy described by 
Castellam m 1907 and 1911, respectively, the former microorganism was iso- 
lated from the feces of patients with the chmcal signs of dysentery, and the 
latter from patients with cohtis and cystitis In 1918, Andrewes (7) descnbed 
certam lactose-fermentmg microorganisms under the name of BacdLus dispar 
Subsequent mvestigations revealed that strains descnbed as Bacillus dispar 
are identical with either S ceylonensis B or S madampensis Thus, at the 
present time, S dispar can not be recogmzed as a distmct species S ceylonensis 
B and 5 madampensis show only mmor differences It seems reasonable to 
suggest, therefore, that the organisms under consideration be classified as a 
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Single species (S casiellamt), just as S poradysenfmoe comprises organisms with 
certain biochemical and antigenic differences 

Colomes on agar of strains classified as S dispar appear very similar to colomes 
of the Sonne bacillus They, too, may show secondary papillae The hiochemi- 
cal characters of S ceylonensis B and S madampensis are almost identical, as 
may be seen from table 8 S ceylonensis B differs from S madampensis m its 
abihty to produce acid from dulcitol Indole production distmctly differen- 
tiates S ceylonensis B and S madampensis from the Sonne bacillus Further- 
more, accordmg to Forsyth (68), strains identified as S dispar are methyl-red- 
positive, whereas S sonnei is not 

The antigemc structure of these organisms is not as yet fuUy elucidated 
Castellam (36 to 38) reported that both S madampensis and S ceylonensis B 
are antigemcaUy homogeneous species However, it should be noted that 
accordmg to Glynn and Starkey (74) strains labeled as S dispar, which were 
identical with strains of S madampensis, proved to be antigemcally hetero- 
geneous Furthermore, Forsyth (68) found that strains identified as S dispar 
form an antigemcally heterogeneous species Further studies are needed before 
final conclusions can be drawn in regard to the antigemc pattern of the species 
under consideration Then, it wdl be possible also to determme the antigemc 
relationship of these organisms to other species of the genus Mmor antigenic 
relationships between S dispar and Sonne and Flexner dysentery bacilli were 
found by Watanabe (186) and by Welch and Mickle (188) 

No conclusive evidence is available at the present tune that these organisms 
are a cause of epidemic or endemic dysentery of man Members of this group 
of organisms may be found m the feces of healthy mdividuals and of patients 
with or without mtestmal diseases Johnston and Kaake (95) reported cases of 
enteritis m children from whom S dispar was isolated It remains to be seen 
whether these organisms are the primary mcitants of the disease or only second- 
ary mvaders Occasionally, these organisms may cause infections of the unnary 
tract and purulent lesions ongmatmg from the mtestmal canal 

GENERAL CONSIDERATIONS 

Many species of the genus Shigella have been studied thoroughly m the past 
and much information of general bactenological and immunological mterest has 
been brought to light However, it is evident from a review of the available 
reports that other species, now classified as members of this genus, have not 
been adequately mvestigated, and little is known m regard to their cultural 
characters, biochemical activities, and antigemc structure It is safe to assume 
that some of these rmcroorgamsms may not even belong to the genus It 
seems highly desirable that competent mvestigators collect and study as many 
strains as possible of these httle known species such as S septicaemiae, S mtnu- 
tissima, S pfaffii, S rettgen, and others Only then, will it be possible to recon- 
sider their taxonomic position, to identify with accuracy strains isolated from 
various sources, and to determme their significance m diseases of man and 
animals 
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Until recently, our knowledge of the specific growth requirements of the mem- 
bers of the genus has been madequate Investigations similar to those of Koser 
and his associates, when they are extended to include all the members of the 
genus, may yield mterestmg information and aid greatly m the classification of 
these microorganisms 

One of the most significant recent contnbutions to our knowledge of the 
genus IS that of Boyd His demonstration of a group-specific antigen m certam 
types of S paradysentenae may form a basis for similar mvestigations of other 
species and genera The observations of Boyd are also of practical importance 
and should be considered m any attempt to produce either active or passive 
unmumty to infections with the Flexner group of dysentery baciUi The chemi- 
cal analysis of antigemc components of some species of the genus has yielded 
mterestmg information durmg the last few years Such mvestigations have 
been particularly fruitful at the hands of Morgan and his associates It is to 
be hoped that them studies on Shiga’s dysentery bacillus wdl be extended to 
other species 

One of the least understood problems connected with the genus Shigella m 
particular is that of pathogemcity At the present tune, with the exception of 
the Shiga exotoxm, very httle is known m regard to the factors m dysentery 
baciUi responsible for dysentery of man, and it has not been explamed why one 
species may cause epidemic outbreaks of this disease and a very closely related 
species does not Future mvestigations may shed hght on these problems 
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The growth of our knowledge of the pathogemc nckettsiae m recent years 
forms one of the most fascmatmg chapters m the field of microbiology In- 
tensive study of these organisms has paved the way for the control of the im- 
portant human diseases which they produce Of stiU greater importance, 
perhaps, is the hght which these studies have thrown on problems of mtracellular 
parasitism m general 

Histoncally it is of mterest that, foUowmg early unsuccessful attempts to 
solve the etiology of typhus and Rocky Mountain spotted fever by simple 
bactenological methods, these infections were thought to be caused by viruses 
Subsequently, mmute mtracellular organisms, morphologically similar to bac- 
tena, were associated with these diseases These organisms were first found 
m the tissues of the arthropod vectors They were called nckettsiae, for reasons 
which will be brought out below, and were considered to belong to a new group 
of pathogemc agents, distmct from bactena and viruses Recent developments 
mdicate that the nckettsiae have many features m common with certain bac- 
tena and with some of the viruses and suggest that the attempt to separate 
these three groups of pathogens sharply from one another may be imwise In 
order that the nckettsiae may be considered m proper perspective, a bnef 
discussion of their mter-relationship with bactena and viruses wiU be given 

BIOLOGIC RELAHONSHIP TO OTHER PATHOGENS 

Among the pathogemc organisms at present classed as bactena, there is great 
vanation m the abihty to carry out mdependent metabohc activities (1) Cer- 
tam orgamsms, like the colon bacillus, five and multiply freely m media con- 
tainmg simple carbon compounds, ammonia, and morganic salts These bac- 
tena possess enzjTne sj’Btems of a complex nature, by virtue of which they are 
able to carrj’’ out the chemical transformations necessary for their free life and 
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reproduction Other bacteria, hke the influenza bacillus, have a less complete 
enzymatic eqmpment, and therefore require more complex media containing 
orgamc substances which are found only m animal tissues or m extracts of 
animal tissues 

Organisms of the group last mentioned are, therefore, somewhat dependent 
for their food supply on hvmg cells of the animal which they parasitize Like 
those of the first group, however, they grow m the mtercellular fluids of the 
infected animal and are practically never seen withm cells, except insofar as they 
may be enguKed by the defensive phagocjdac cells of the body The cultiva- 
tion of these orgamsms on bactenological media, though somewhat more diffi- 
cult than in the case of the colon bacillus, is accomplished with relative ease, 
because the compounds on which they hve can be obtained m a fairly stable 
form by extraction from hvmg tissues 

A stdl greater degree of dependence on hvmg animal tissues is shown by or- 
gamsms hke Posteurella tularensis and BartomUa, hacilhfomns These organ- 
isms, m infected tissues, multiply extra-cellularly under certain conditions, 
but under other conditions show a decided preference for the mtenor of cells, 
multiplymg freely m the cytoplasm Their growth m bacteriological media is 
achieved only by the careful reproduction of certain necessary cheimcal and 
physical conditions The beneficial effect of cystme m the cultivation of P 
tularensis, for example, is of great mterest because of the fact that this substance 
IS of importance in mtraceUular oxidation-reduction processes It is probable 
that m adding cystme to our artificial medium we are supplymg a metabohc 
activator for the action of which the organism, m nature, depends on hvmg cells 
of the animal which it mfects Similarly, Geunan (2) has recently reported 
that the addition of ascorbic acid and glutathione to culture media facilitates 
the growth of Bartonella bacilhforrms 

The next stage m the biological adaptation to growth m living cells is repre- 
sented by the obhgate mtraceUular parasites Conditions suitable for the 
multiphcation of these pathogens are found only withm the cytoplasm or 
nucleoplasm of hvmg or sumvrng cells This group includes the typical patho- 
gemc nckettsiae and probably aU of the viruses, although direct proof that 
certain m\usible viruses multiply only within ceUs has perhaps not been fur- 
nished In tissues infected with pathogemc nckettsiae, we find colony-hke 
masses of orgamsms m the cytoplasm or nucleus of ceUs Similar mtraceUular 
colony-like masses of elementary bodies are associated with the presence m 
tissues of certain of the larger viruses, such as psittacosis (32) (mtracytoplasmic) 
and herpes (89) (mtranuclear) In tissues infected with the smaller viruses, we 
often find sphencal mtraceUular bodies (the so-caUed mclusion bodies) which 
appear homogeneous and which may or may not be agglomerated masses of 
elementaiy^ bodies, with or without the addition of other elements denved from 
the host cells Lmutations of microscopy have thus far made it impossible to 
deterrmne the exact nature of many of these inclusions, but it seems possible 
that some of them may not differ essentially from colonies of nckettsiae or 
elementary’’ bodies The nature of the mclusion bodies associated with the 
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smallest viruses, which approach molecular size, remains a matter of specu- 
lation (3) 

Present evidence mdicates that the nckettsiae, although thej’- are as stnctly 
dependent on mtracellular conditions as the smaller viruses, have a somewhat 
more complex enzyme system than the latter, and are therefore able to maintain 
a certam amount of mdependent metabohc activity withm their host cells 
Thus we may consider the nckettsiae, both from the pomt of view of size and 
from the pomt of view of mdependent metabohc activity (enzymatic complexity) 
as occupying a position intermediate between certam cytotropic bacteria and 
the viruses 


TAXONOMIC CONSIDERATIONS 

Historical In deahng with a new group of infective agents, it is mevitable 
that early attempts at nomenclature and classification, based upon mcomplete 
knowledge of then biological properties, should lead to considerable confusion 
Even at the present tune, cntena smtable for a satisfactory classification are 
not available, and any attempt to classify the nckettsiae must be considered as 
havmg only a tentative and pragmatic value In order to understand the taxo- 
nomic difficulties which obtam at present, a bnef discussion of nomenclature 
from the histoncal aspect seems desirable 

The term “Rickettsia” was apphed m 1916 by da Rocha-Lima (4) to certam 
minute microorganisms found m the mtestmal tract of hce The name honors 
the memorj'’ of Howard Taylor Ricketts, who vTth Wilder first descnbed m 1910 
organisms of this type in hce fed on typhus patients (5, 6) da Rocha-Lima 
showed, by studymg sections of hce, that the organism acqmred by feedmg on 
typhus patients was an intracellular parasite, distendmg the epithelial cells of 
the louse’s stomach He believed this organism to be the etiological agent of 
t 3 phus, and subsequent work, notabty that of Wolbach, Todd, and Palfrey (7) 
published m 1922, has established the truth of this concept To this organism, 
da Rocha-Lima gave the name Rickettsia prowazeki, the specific name bemg m 
honor of von Prowazek, who, hke Ricketts, died of typhus acquired m the course 
of his pioneer mvestigations 

Organisms morphologically similar to R prowazeki but extracellular m habitat 
were found m hce m association with trench fever by Topfer (8, 9) m 1916, and 
m presumably normal hce by Munk and da Rocha-Lima (10) m 1917 The 
latter workers gave to these organisms the name Rickettsia pedicuh, although 
thej' fully reahzed that thej’’ differed from R prowazeki m that they multiphed 
extracellularly m the digestive tract of the louse The probable relationship of 
such extracellular orgamsms to trench fever will be discussed below 

N on-pathogemc nckettsiae Durmg the next decade approximately forty-two 
microorganisms, some of intracellular and some of extracellular habitat, were 
descnbed in the tissues of thirtj -seven species of arthropods Information con- 
cerning these organisms nas m most cases confined to the mere fact that they 
could bo seen m certam locations m the tissues of certam arthropods, and the 
possibility that the same organism rmght be present m tn o or more arthropods 
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was not excluded It was natural that the general term nckettsia should be 
apphed to these organisms, smce for the most part they resembled B prowazeh 
rather closely The generic name Rtcketista, together with a specific name, was 
given to a number of them In many cases, this was unfortunate RickeUma 
melophagi (11), for example, an extracellular organism found m the mtestme of 
the sheep ked, and rather easdy cultivated on ordmaxy bactenological media, 
has httle m common with the more characteristic nckettsiae, which are obhgate 
mtraceUular parasites 

This large group of organisms m insect tissues is often referred to as the “non- 
pathogemc nckettsiae,” a term mdicatmg their lack, so far as our knowledge 
goes, of pathogemcity for mammals For the most part, they are also non- 
pathogemc for their insect hosts, and m many instances are transmitted heredi- 
tarily from one generation to another by way of mfected ova, apparently hvmg 
m complete harmony with their host cells m the insect tissues 

Closely related to the nckettsiae, and at times not sharply separable from 
them, are the so-called symbionts, some of which appear to exert a useful or 
even essential function m the metabolism of msect tissues For a general dis- 
cussion of the microorganisms and other structures found m insect tissue, and 
of their relation to one another, the reader is referred to a recent paper by 
Steinhaus (12) 

Presumably the nckettsia of typhus fever {R prowazeh), and other patho- 
gemc nckettsiae which wiU be discussed below, belong m the same general 
group as many of the non-pathogemc nckettsiae descnbed above, and their 
pathogemcity for mammals is purely accidental or even acquired Antigenic 
relationship between pathogemc and nonpathogemc nckettsiae has not, how- 
ever, been demonstrated (13) 

Most of the non-pathogemc nckettsiae have been identified and named 
entirely on the basis of their morphology and distnbution m insect tissues 
The limitations of this method of study are obvious Organisms which look 
alike may be physiologically very different, and, smce pleomorphism may occur 
m the nckettsiae, morphologically dissimilar organisms may actually be identical 
Although many careful and valuable studies of a purely morphological nature 
have been made, and m some instances the assignment of genenc and specific 
names may have been justified, the accurate classification of the non-pathogemc 
nckettsiae must m general await the development of methods for isolatmg them 
and for determining their biological properties 

Pathogemc nckettsiae — ^The nckettsiae that are pathogemc for mammals may 
be isolated and identified much more readily than the non-pathogemc nckettsiae 
When an organism mvades mammahan tissues and produces constantly a char- 
acteristic infection, we may be sure that we are deahng with a defimte entity 
The tissues of ticks may contam non-pathogemc nckettsiae as well as Derma- 
centroxenus ncl^tsx, the cause of spotted fever, and the two t 3 q)es of organisms 
may, except for the mvasion of nuclei by the latter, be morphologically mdis- 
tmgmshable (13) By feedmg such ticks on gumea pigs, however, or by mjec- 
tion of the tick viscera mto gumea pigs, we can readdy separate the pathogemc 
organism from the non-pathogemc organisms, smce only the pathogemc one 
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Will invade the mammahan tissues Immunological tests on gumea pigs 
recovermg from nckettsial infection serve to identify the pathogemc nckettsiae 
with great precision Attempts to define and classify the pathogemc nckettsiae 
have for these reasons been relatively successful 
Usmg as a basis the cntena suggested by Cowdry (14) m 1923, by Wol- 
bach (15) m 1924, and by Cowdry (16) m 1926, the nckettsiae may be char- 
ademed as follows small, often pleomorphic, gram-negative, hactenum-like organ- 
isms, living and multiplying in arthropod tissues, behaving as obligate intracellular 
parasites, and staining lightly with aniline dyes With few exceptions, cntena 
adequate for dassificaiion on the basts of biological properties are available only 
for those members of the group which are pathogenic for mammals At present, 
only four pathogemc organisms can be defimtely placed m the group if we define 
it thus rigidly Rickettsia prowazeki, the cause of louse- and flea-bome diseases 
of the typhus group, Dermacentroxenus nckettsi, the cause of tick-bome diseases 
of the spotted fever group, Rickettsia tsuisugamuchi (synonym, R onentalis), 
the cause of mite-bome diseases of the tsutsugamuchi group, and Rickettsia 
ruminantium, the cause of tick-bome “heartwater” m sheep, goats, and cattle 
Wolbach (17) m 1919 behevmg that the etiological agent of Rocky Mountain 
spotted fever showed more than species differences from Rickettsia prowazeki, 
the cause of typhus, gave the former organism a different genenc name {Derma- 
ceniroxenus) Subsequent work has substantiated the rather wide differences 
between the two organisms, and it is to be regretted that organisms more recently 
added to the group of nckettsiae have not likewise been placed m different 
genera smce, almost without exception, they have shown differences of sufficient 
magmtude to make such assignment appear desirable 
The author (18) has suggested that the pathogemc nchettsiae, as a tentative 
workmg basis, be considered as members of a bactenal family, the Eick- 
ETTSii-CEAE (The reasons for not separatmg them from bactena will be 
brought out below ) This plan allows for the creation of new genera, if this 
seems advisable, for newly discovered organisms which possess the necessary 
characteristics for mclusion m the group but which show differences from the 
type genus and species, Rickettsia prowazeki, of such importance that they are 
regarded as of more than specific value The term nckettsiae, spelled with a 
Email letter, has become firmly established m the hterature and may be used 
loosely as a synonym for the Rickettsiaceae, much as we use the term actmo- 
mycetes for vanous species of Acttnomtcetaceae 
Although the family Rickettsiaceae was created for pathogemc nckettsiae, 
non-pathogemc organisms, when sufficiently well studied to show that they 
probably are distmct entities and possess the reqmred characteristics, may 
tentatively be mcluded Hertig (19), for example, has descnbed an oi^anism 
of constant occurrence m the gonads of the mosqmto, Culex pipiens To this 
organism he gave the name Wolbachia pipientis, mcludmg it with the Rickett- 
SIA.CEAE The non-pathogemc nckettsiae mil not be considered m detail m 
this paper For a detailed discussion of them, reference may be made to papers 
by Wolbach (15), Hertig and Wolbach (20), and Cowdry (16) 

The etiological agent of Q-fever, named Rickettsia bumeti and R diaponca 
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by Austraban and Amencan workers, respectively, although a facultative rather 
than an obhgate intracellular parasite, appears otherwise very closely related 
to the more characteristic nckettsiae listed above As a matter of convemence, 
and with the realization that no entirely satisfactory defimtion of the nckettsiae 
can be given at present, this organism will be mcluded ivith the nckettsiae for 
the purposes of this discussion For the same reason and m spite of the fact 
it IS apparently an extracellular organism, the probable etiologic agent of trench 
fever, Rickettsia wolhynica (pedicidt, qutniana), will also be discussed 

Rickettsia cams, R boms, and R omna, will also be reviewed bnefly, for the 
sake of completeness, smce it seems possible that these organisms may eventu- 
ally be shown to possess the necessary characteristics for mclusion with the 
nckettsiae 

Rickeltsia-like pathogens A number of pathogemc agents have been descnbed 
which resemble the nckettsiae m many ways, but which for one reason or another 
cannot at present be mcluded with them The biological properties of these 
organisms will be discussed bnefly at this pomt, smce a study of then relation 
to each other, to the typical pathogemc nckettsiae, to bactena, and to viruses 
bnngs out facts which harmomze well with modem theones concermng the 
interrelationship of vanous groups of pathogens 

Bartonella baaUtformts is a facultative, rather than an obhgate mtracellular 
parasite, non-filterable, and morphologically and tmctorially greatly resembhng 
the nckettsiae (21) It inhabits the tissues of and is probably transnutted by 
the bite of sand flies (22, 23), but the mechanism of transmission and the morpho- 
logical picture of infection m the sand fly have not yet been cleared up (24) 
This organism has been cultivated on special cell-free media (25), but its close 
relative, B muns, has resisted such cultivation The similarity of these organ- 
isms to the nckettsiae has been pomted out by vanous workers (26) Their 
abflity to produce severe anemia, by parasitizmg the erythrocytes of their 
mammahan hosts, together wnth the lack of information concermng their be- 
havior m the sand fly would appear to justify their exclusion for the present 
from the nckettsiae It is of mterest to note that B baciUiformis, m plasma 
tissue cultures, forms extracellular colomes m the plasma clot as well as mtra- 
cellular colomes (21) This mdicates that its growth requirements are simpler 
than those of the typical nckettsiae (see below) 

Pasteurella tularensis is a facultative mtracellular parasite, non-filterable, and 
transmitted biologically* by ticks This organism is so perfectly adapted to 
life m tick tissues that, hke the spotted fever nckettsia, it is transmitted heredi- 
tanlj' from one generation to another by infection of the ova It multiplies m 
and distends the epithehal cells hnmg the gut of the tick, producmg a picture 
similar to that of R prowazeki in the louse (26a) In contrast to R prowazeki, 
hov e\ er, it also grows freely m the coelonuc flmd The author has foimd (21) 
that in tissue cultures it grows both m the cytoplasm of cells and free in the sur- 
rounding plasma clot beha\ang much like Bartonella baallijormu In gumea 

1 That is, bj actuallj raultiplj mg in tissues, as opposed to purely mechanical 
transmission 
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pigs it behaves rather conspicuously as a facultative intracellular parasite, 
massively infectmg both the Kupffer cells and the hver cord cells (27) The 
organism has been cultured on special cell-free media (notably those contammg 
cystme) and is of course classed with the bactena, on the basis of its biochemical 
reactions Its sumlanty to the nckettsiae, although obvious from the above 
discussion, has not been stressed, and it would serve no useful purpose at present 
to mclude it with these organisms 

It has been suggested that the elementary bodies of psittacosis (28) and 
those of trachoma (29) may be nckettsial m nature Similar bodies are asso- 
ciated with lymphogranuloma venereum (30), and m aU three conditions these 
structures are confined to the cytoplasm of cells In the case of trachoma, msect 
transmission has been suggested (31) Unless insect transmission of these 
infections is conclusively demonstrated, however, these structures should not 
be considered as nckettsiae Their complex morphology, which, m the case 
of psittacosis has been mterpreted as evidence of a hfe cycle (32), suggests that 
they may differ considerably from the nckettsiae Smce psittacosis is at present 
classed as a virus disease, it is customary to refer to the mtracellular structures 
associated with infection as elementary bodies, rather than organisms The 
constant association of these discrete bodies with mfectivity strongly suggests 
that they are the etiological agents of the infection, and it is probable that they 
may prove to be organisms m the same sense that nckettsiae are If biological 
transmission by insects should be demonstrated, then mclusion with the nck- 
ettsiae would have to be senously considered 

An mtracellular organism associated with conjunctivitis m sheep and goats 
has been named Rickettsia conjunctivae by Coles (33), and a similar organism 
R conjunctivae bows was descnbed by the same author m cattle (34) Another 
similar organism has been descnbed, but not named, by Johnson (35) as the 
probable cause of a type of conjunctmtis m sheep It seems unwise to class 
such organisms as these with the nckettsiae, smce the most important smgle 
cntenon for such assignment — development m msect tissues — has not been 
established, and it is clear that infection is commonly transmitted by direct 
contact 

Mochkovski (36) has made the mterestmg suggestion that the Foa-Kurloff 
bodies may be nckettsiae Smce he has furnished no proof that these structures 
are microorganisms, or that they mhabit msect tissues, this suggestion cannot 
at present be taken senously 

The nckettsia-hke organism descnbed by Sellards and Siler (37) m association 
■with dengue is probably non-pathogemc m nature 

Interrelationships For many years the nckettsiae have been considered to 
represent a new group of microorganisms distmct from bactena, a pomt of view 
vhich has proven useful and stimulating From a consideration of the above 
discussion, the difficulties of drawmg sharp fines of demarcation between bac- 
tena, nckettsiae, and viruses become endent Among nckettsia-hke pathogens 
n e have mentioned one {Pasteurella iularensis) which is accepted as a bactenum 
and vanously grouped with Pasteurella pestis and Brucella abortus, and one 
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(psittacosis “virus”) which is commonly classed as a filterable virus The 
typical nckettsiae resemble bactena m their visibihty, morphology, and appar- 
ent non-filterabfiity, but are close to the filterable viruses m their specificity for 
certam cell types and m their growth requirements The modem tendency to 
regard viruses as organisms which have lost their enzyme systems by a process 
of evolution tempts one to cast the nckettsiae m the r61e of a missmg link 
The mclusion of obhgate mtracellular parasites with the bacteria is not with- 
out precedent, however (for example, the lepra bacillus), and a more satis- 
factoiy concept would appear to be that of an unbroken senes, with free-hving 
bactena at one end, the smallest viruses at the other end, and a large number of 
organisms and elementary bodies mtermediate at many pomts between these 
two groups On the whole, therefore, it seems most logical to regard the nckett- 
siae as bactena which have become adapted to mtracellular life m arthropod 
tissues The alternative theory, that bactena are viruses, ongmally impnsoned 
m cells, which have acquired the abihty to lead an mdependent existence, seems 
less attractive 

In conclusion, it should be agam emphasized that the above taxonomic dis- 
cussion is based on our present mcomplete knowledge of biological and morpho- 
logical properties, and that it is subject to revision with the mtroduction of new 
data Many pomts are left unsettled For example, one might ask why nck- 
ettsiae could not equally well be regarded as protozoa The distmction between 
bactena and protozoa is made largely on morphological grounds, and the nck- 
ettsiae are morphologically closer to bactena than to protozoa They lack the 
mtemal stmcture commonly associated with protozoa, and are smaller than 
organisms classed as protozoa, with the possible exception of certam piroplasmas 
The difficulties encoimtered m any attempt to classify the viruses are even 
greater than m the case of the nckettsiae, and much work must be done before 
the former can be classified, even tentatively, m a reasonably satisfactory way 
The elementary bodies of psittacosis are often referred to as L C L (Levmthal- 
Cole-Lilhe) bodies, but Yanamura and Meyer (38) have recently pomted out 
that there is no justification for substitutmg this name for that ongmally given 
by Levmthal, namely '‘Mtcrobadenum muUiforme fs^tiacosis’’ Similarly, 
Goodpasture (39) has proposed the name “Borrelwta vanolae homtms” for the 
elementary bodies of smallpox The apphcation of these specific names to the 
bodies m question mdicates a behef that they, like the nckettsiae, are hving 
morphological entities In the course of time, the true relationship between 
such bodies as these and mtracellular microSrgamsms such as the nckettsiae 
wiU probably become clear As a matter of convemence, it seems justifiable 
to give genenc, specific, and vanety names to such pathogemc agents, even 
though their family and order relationships are not yet clear 
In discussmg the properties of the pathogemc nckettsiae, certam prmciples 
wiU be established first by a detailed consideration of Rtckellsia prowazeki, the 
cause of typhus, and the known differences between the other organisms and the 
type species will be pomted out m the discussion of each 
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EICKETTSIA PROWAZEKI (tTPHHS FEVEE) 

Etiological studies. As mentioned above, the etiological agent of t3rpbus 
fever was first descnbed by Eicketts and Wilder m 1910 (6) m bee fed upon 
typhus patients Further evidence that the organism descnbed by Eicketts 
IS etiologicaUy related to typhus was furnished by da Rocha-Luna (4) who 
named the organism Rickettsia prowazeki The work of Wolbach, Todd and 
Palfrey (7), earned out under ideal experimental conditions, entirely confirmed 
the etiological concept previously formulated by Ricketts and da Rocha-Lima 
Wolbach and his co-workers showed that hce, ongmally free from nckettsiae, 
acquired numerous nckettsiae which distended the mtestmal hnmg cells, when 
fed on typhus patients These workers also demonstrated mtraceUular nckett- 
siae m the lesions of man and experimental ammals When the mtestmes of 
hce, containmg mtraceUular nckettsiae, were emulsified and mjected mto gumea 
pigs, typhus fever resulted, whereas mjection of the mtestmes of nckettsia-free 
stock hce produced no illness Considermg the mtestmal tract of the louse as 
the equivalent of a bactenological culture medium, it could be said at this time 
that, m a sense, Koch’s laws had been f ulfill ed 

In spite of the conclusive nature of the above descnbed work, skepticism 
regardmg the etiology of typhus persisted for many years This was due partly 
to the fact that the experimental work was of such a nature that it could not be 
readily repeated, and partly to the difficulty of demonstrating R prowazeki m 
mammahan tissues These organisms were never demonstrable m large num- 
bers, and, because of their smaU size and shght affimty for anihne dyes, could be 
demonstrated only m perfectly fixed and stamed preparations, studied with 
great patience 

NeiU (40) found that m gumea pigs reactmg to Mexican typhus after mtra- 
pentoneal moculation, an acute fibnnous exudate formed m the scrotal sac, 
while the general pentoneal cavity showed no such reaction Later, 
Mooser (41) found that many cells distended with nckettsiae were constantly 
present m this exudate The free growth of the organism apparently depends 
upon the lower temperature obtammg m the scrotal sac With the advent of 
this new nckettsia-nch matenal to work with, and of better methods for stam- 
ing nckettsiae m sections, progress was more rapid 

Further confirmatory evidence of the etiologic relationship of R prowazeki 
to typhus has been furnished by the cultivation of the organism withm hvmg 
or sumvmg cells m artificial media of vanous types (see below) In plasma 
tissue cultures, not only was the presence of nckettsiae accurately correlated 
With infectivity, but the mcubation penod of the induced infection was found 
to be roughly proportional to the number of organisms present m the cultures, 
rangmg from 48 hours up to 25 days (42) Zmsser and Castaneda (43) showed 
that nckettsiae, freed from cells and washed repeatedly at the centrifuge, were 
still capable of produemg typhus On the whole, it seems safe to state that the 
etiological relationship of R prowazeki to typhus is as well established as, for 
example, that of the tubercle bacillus to tuberculosis 
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The purely theoretical concept that the etiologic agent of typhus may exist 
in three forms, the bactenal, the nckettsial, and the mvisible, will be found 
frequently m early hterature, and has even been sponsored more recently by 
such authonty as that of NicoUe (44) The bacterium most commonly hsted 
IS Proteus vulgans The process of "evolution” devised as an explanation of 
the vanation m form does more credit to the unagmation of its proponents than 
to then cntical judgment The etiologic relationship of certam strains of 
P wlgans to typhus was naturally suggested by the high titer m which it 
agglutmated by typhus serum (see below) Claims that strains of P vulgans 
or other organisms cultivated on bacteriologic media have produced typhus 
fever m gumea pigs do not stand critical analysis 

The contention that the etiologic agent of typhus may exist m an mvisible 
form IS somewhat more difficult to disprove A similar concept has been enter- 
tamed for spotted fever (45) In no instance, however, has any dnect proof 
for such a theory been advanced The fact that matenal contammg no demon- 
strable nckettsiae may be infectious is evidence of an mconclusive nature, smce 
a few dozen nckettsiae m a cubic centimeter of flmd would be practically impos- 
sible to find and recogmze In the author’s work with Hass (42), typhus tissue 
cultures were bisected, one half bemg embedded and sectioned for microscopic 
study and the other half mjected mto gumea pigs In the great majonty of 
cases, when infection occurred m gumea pigs as a result of the mjection of one 
half of the culture, nckettsiae were found m paraflm sections of the other half 
In a very few instances, cultures gave a positive moculation test while no organ- 
isms w'ere seen In such instances, however, the mcubation penod of the m- 
duced infection was mvanably greatly prolonged, suggestmg that the number of 
organisms present may have been small enough to escape detection These 
experiments mdicated the unprobabihty of mvisible forms of typhus and spotted 
fever nckettsiae occumng under these conditions The evidence for an mvisible 
form of the etiologic agents of typhus and spotted fever under any other condi- 
tions IS on the whole meagre and mconclusive 

Size, filterabihiy, morphology, and staining The smallest dimension of R 
prowazeki is commonly given as 300 my, but forms which appear smaller than 
this and are almost on the borderhne of visibihty are occasionally seen, both 
withm ceUs and outside of cells (freed by rupture of the cells) Even if we accept 
the figure of 300 my, these organisms would have approximately the same size 
as the elementarj^ bodies of psittacosis (estimated at 250 to 275 my) The latter 
are filterable, while nckettsiae are apparently non-filterable Typhus nckett- 
siae rapidly lose virulence when freed from their host cells, and it is the author’s 
opmion that the question of filterabihty needs further study under carefully 
controlled conditions Isolated nckettsiae, freed from all remnants of cell 
endoplasm and suspended m a medium m which they remamed virulent for the 
duration of the experiment, would have to be employed for this purpose So 
far as the author is aware, these conditions have not been satisfied The nckett- 
siae of Q-fei er, which appear somewhat larger than typhus nckettsiae, readily 
pass through Berkefeld N filters (46) The question of the filterabihty of 
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R prowazeh is a matter of arbitrary defimtion and subject to some uncertainty, 
smce the organism is obviously of such a size that it nught, imder certam condi- 
tions, prove filterable 

As seen m paraflfin sections, R prowazeki is always mtraceUular In smears, 
extracellular org ani s m s axe often seen, as a result of the rupture of cells m the 
process of making the preparation The organism exhibits considerable pleo- 
morphism, but this factor has perhaps been over-emphasized In its most 
characteristic form, it appears as a minute diplobacdlus, each member of the 
diploid form averagmg about 0 6x03 p Diploid forms may at tunes appear 
as a single organism, because the space between the two organisms may not be 
seen Short chams are not uncommon Occasionally, m recently infected cells 
m tissue culture, long chains rangmg up to 40 jtt m length may be seen Wol- 
bach and his co-workers (7) described similar forms m hce, m the early stages of 
infection “withm non-swollen cells of the nudgut at a time when very few cells 
are infected with the coccoid nckettsia " These long chains apparently develop 
under optimum conditions of nutrition only m the early stages of cell infection, 
and it seems unlikely that they represent a stage m a life cycle 

In very heavily mfected cells, which may become greatly distended, the mdi- 
vidual organisms appear as minu te coccoid bodies, usually m diploid formation 
These coccoid forms approach the limit of the resolvmg power of the ordmary 
microscope That these mmute forms are not an optical illusion, caused by the 
packing m the cells, is shown by the fact that they can occasionally be seen 
extracellularly when a distended cell has ruptured Rather than to consider 
these forms as evidence of a hfe cycle, the author prefers to regard them, like 
the cham forms, as morphological variants dependent on nutritional factors 
The possibihty that variations m cellular immuni ty may be a factor m causmg 
this pleomorphism, as has been suggested for the bodies of psittacosis (38), 
cannot be ruled out, of course 

RtckeUsia prowazeki stains poorly with most anihne dyes The organism is 
gram-negative m the sense tMt it cannot be recognized with certainty when 
stained by the gram method, and obviously does not retam the dye In film 
preparations, the organism can be stamed very satisfactorily by the Giemsa 
method, or by Macchiavello’s modification of Cantaneda’s stam (47) In the 
former method, the nckettsiae are stamed blue or purple, while the cell cyto- 
plasm IS usually a pale blue By the latter method, the nckettsiae are stamed 
rud and stand out sharply against a blue cytoplasmic background In paraffin 
sections, the Giemsa method, after Regaud’s fixation (48), stams the organisms 
very clearly, but the use of this method requires some expenence 

The famt stammg of the organism, particularly as apphed to sections, has 
been exaggerated It is quite true that m Giemsa-stamed fi lm s nckettsiae are 
commonly pale as compared to staphylococci, for example, but m paraffin sec- 
tions they may be stamed by vanous methods as deeply as may be desired, 
!ind when overstamed their apparent size is greatly exaggerated 

CuUtvaiton, and growth requirements Typhus nckettsiae have not been culti- 
vated m the absence of cells They grow' freely m the m^ ’> tammg 
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living or surviving cells which have been used for virus cultivation, namely, 
plasma tissue cultures, the Maitland medium, and the Zinsser-Wei-FitzPatnck 
medium 

Experiments by Wolbach and others (49) showed that R 'prowazeh, could 
multiply m a restncted way m plasma tissue cultures of mammahan cells at 
37 5 C Massive infection was not obtained m tins early work Nigg and 
Landstemer (60) reported the unrestricted mtraceUular multiphcation of the 
organism m a modified Maitland medium, consistmg of minced gumea pig tumca 
vagmahs suspended m a mixture of serum and Tyrode’s solution Pmkerton 
and Hass (42, 61) reported similar massive multiphcation of the organism m 
plasma tissue cultures grown at 32 C In the Nigg-Landstemer medium, multi- 
phcation was equally good at 32 or 37 5 C, but m the plasma tissue cultures 
the lower temperature was found to be essential 

The Zinsser-Wei-FitzPatnck medium (62) is essentially a modified Maitland 
medium, the serum-Tyxode mixture bemg sohdified by addmg agar, and the 
tissue (chopped mouse or chicken embryo) spread on the surface The tissue 
fragments are more thoroughly bathed by the fimds m this medium, and the 
method represents an important improvement over previous simil ar methods 

In smear preparations from cultures of the above types, one finds large num- 
bers of extracellular organisms, suggestmg extracellular multiphcation When 
identical preparations are studied m paraffin sections, however, the evidence is 
clear that multiphcation is mtraceUular, and that extraceUular organisms have 
recently been set free by the rupture of distended cells durmg the preparation 
of the film The contents of a smgle ceU, packed and distended with nckettsiae, 
may cover a large area if the organisms were spread out only one layer deep, 
much as a mmute drop of blood will make a film over the entue surface of a 
covershp 

Although their growth requirements are m general similar to those of the 
t3q3ical viruses, an mterestmg difference has been brought to hght The author 
found that m plasma tissue cultures typhus nckettsiae died rapidly at 37 C, and 
grew best at 32 C (63) This behavior is probably to be correlated with the 
fact that certam strains, after mtrapentoneal mjection m the gumea pig, grow 
more readily m the scrotal sac, where the temperature is lower, than m the 
general pentoneal cavity, and produce m the scrotal sac a fibrmous exudate con- 
tammg large numbers of heavdy infected cells (the NeUl-Mooser reaction 
descnbed above ) In the Maitland medium, nckettsiae multiply equaUy weU 
at 32 C and 37 6 C This apparent discrepancy is probably to be explained on 
the basis of the different conditions obtammg m the Maitland medium and m 
plasma tissue cultures In the former, the cells are survivmg rather than 
actually hvmg, and mitotic division of the cells is rarely seen, while m plasma 
tissue cultures the cells multiply rapidly and the metabohc rate of the cells is 
probably higher From these facts the conclusion was drawn (64) that t 3 q)hus 
nckettsiae grow best m cells which are metabolizing slowly Zinsser (66) has 
recently confirmed this and pomted out that certam viruses, m contrast to 
nckettsiae, grow best m healthy, actively metabohzmg cells 

Still further confirmation has come from the observation by the author with 
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Bessey (56) that nboflavm deficiency, a condition which lowers intracellular 
metabolism by interference with the formation of the yellow respiratory enzyme, 
causes marked loss of resistance to typhus infection in the rat, allowmg the 
nckettsiae to multiply profusely m the reticulo-endothehal cells m vanous 
organs, and resultmg in a fatal disease A similar specific lowermg of resistance 
to psittacosis as a result of thiamin deficiency has been reported by the author 
with Swank (57) A smaller, and presumably more perfectly adapted attus, 
however, (the Lansing stram of pohomyehtis), has been found (58) to cause 
equally severe filness m normal and nboflavm-deficient mice, with an appar- 
ently higher mortahty rate and somewhat earher death m the normal than m 
the deficient animals Similarly, the Rous chicken sarcoma grows much more 
slowly m nboflavm-deficient than m normal chickens, the deficient birds out- 
livmg the controls by several weeks (38) Thus it appears that certam luruses, 
m contrast to typhus nckettsiae, are inhibited by nboflavm deficiency m 
their host 

Study and speculation have led vanous workers to regard mtraceUular para- 
mtism as primarily an adaptation to mtraceUular existence, associated with an 
acquired abfiity to utilize mtraceUular enzymes of the host ceU, and with a cor- 
respondmg loss (by disuse?) of enzymes on the part of the parasite In a gen- 
eral way, but not necessarily with any degree of accuracy, this loss of enzymatic 
complexity may be correlated with a dimmution m size of the parasites From 
this pomt of view the nckettsiae are of particular mterest, smce they are mter- 
mediate m size between most free-hvmg bacteria and the smaUer viruses, and, 
from the above observations regardmg their growth requirements, might also 
be regarded as mtermediate m their degree of adaptation to mtraceUular condi- 
tions, smce they grow best m cells which are metabohzmg slowly 

Further study is needed, however, before we can safely generahze regardmg 
the metabohc activity of the viruses It is not mconceivable, for example, 
that some of the smaUer viruses may be shown to multiply most freely m slowly 
metabohzmg cells, or even to approach the free-hvmg bactena m their metab- 
ohc requirements On the other hand, it is of mterest to note that a number 
of protozoa, for example “toxoplasma,” although large m size and complex m 
structure, behave m m ammalian tissues as obhgate mtraceUular parasites (59) 

The absence of a single important metabolic activator might be as effective 
in preventmg the cultivation of an organism m ceU-free media as the absence of 
a number of enzymes The problem m each mtraceUular parasite, is to find out 
exactly w'hat activators are lackmg Presumably, if the missmg enzymes or 
other activators could be supphed, together with smtable food substances and 
phj'sical conditions, any obhgate mtraceUular parasite could be cultured with- 
out hiing cells It should also be pomted out, however, that parasites withm 
ceUs may be protected from certam toxic substances which prevent their multi- 
phcation outside of ceUs 

The study of nckettsiae m plasma tissue culture affords a logical approach to 
the question of their growiih reqmrements, both ph 3 ’^sical and metabohc 

As mentioned above, t 3 q)hus nckettsiae disappear rapidlj from their host 
cells m tissue cultures mamtamed at 37 5 C, and the cultures are no longer 
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infectious for guinea pigs after about the tenth day At 42 C, the nckettsiae 
disappear even more rapidly from the cells At 27 C, the cells die m about 
two weeks, and the nckettsiae disappear At 32 C, however, the nckettsiae 
find optimum conditions for mtracellular growth, and practically every cell 
becomes distended with them (53) These heavily parasitized cells* are appar- 
ently unmjured and are still capable of mitotic division Such cultures remam 
heavily mfected for several months when mamtamed at 32 C, but when placed 
at higher temperatures rapidly become free of nckettsiae and lose their infec- 
tmty This stnkmg dependence on temperature is probably mdirect rather 
than direct The organisms grow luxuriantly at 32 C not because they prefer 
that temperature, but only because that temperature is most effective m brmg- 
mg about smtable growth conditions withm their host cells These growth 
conditions, as m the case of nboflavm deficiency, probably result from a lower- 
mg of the mtracellular metabolism 

Alterations m the partial pressure of oxygen m such cultures have been 
shmvn to be without effect on the mtracellular growth of t 3 T)hus nckettsiae, 
unless the concentration of oxygen becomes so low that the cells die In this 
case, the nckettsiae also soon die, smce they are unable to hve withm dead 
cells Similarlj'-, alterations m the pH of the tissue culture medium are ■mthout 
effect except insofar as they may cause the death of the cells 

It IS probable that such alterations m pH of the medium do not appreciably 
change the mtracellular pH Attempts to alter the pH of the cell cytoplasm 
by orgamc acids and bases (CO 2 and NHj) were, however, hkewise without 
apparent effect on the mtracellular multiphcation of nckettsiae (60) 

Tj-phus nckettsiae m tissue culture not only fad to multiply extracellularly 
m the plasma clot, but apparently survive only for bnef penods when set free 
from dismtegratmg cells This statement is based on the fact that, even m 
cultures where cells are allowed to dismtegrate, organisms are seen m the plasma 
clot only m extremely small numbers, and never at a great distance from their 
host cells (51) 

Another method of approach to the problem of the metabohsm of nckettsiae 
IS represented by attempts to cultivate them m symbiosis with free-hving bac- 
tena, either m direct contact with these organisms or near enough, on solid 
media, to permit the diffusion of nutnent substances, on the theory that the 
enzjTne systems of the free-livmg organisms might be utdized m some way by 
the nckettsiae Although the possibihties have by no means been exhausted, 
a considerable number of experiments of this type have been entirely negative 

On the vhole, then, it can be said that little defimte information is available 
regarding the actual metabolism of nckettsiae and other mtracellular parasites, 
although the nckettsiae seem to be particularly smtable for the study of this 
problem 

Cylological studies Rickettsiae have the advantage over the smaller viruses 
as objects for cjdologcal stud}*- of being clearly visible as mdividuals m their 
host cells They can be clearlj seen m unstamed Imng cells with either dark 
or light field dlummation, and their behavior under vanous conditions can be 
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readily observed In the early stages of their mtraceUular multiplication, 
typhus nckettsiae he motionless m an apparently gelatmous cytoplasm, sur- 
rounded by only a narrow clear halo Later, the orgamsms are grouped m 
what appear to be fluid vacuoles and move freely withm these vacuoles by 
Browman movement (60) True motihty has not been observed, either withm 
or outside of cells As infected cells dismtegrate, small groups of nckettsiae, 
movmg freely withm these small spherical flmd vacuoles, are set free and float 
out mto the surrounding medium This mechanism is probably important m 
the spread of infection from cell to cell 

Typhus nckettsiae multiply exclusively m the cytoplasm of cells m tissue 
cultures, and are never seen m nuclei This behavior is m stnking contrast 
to that of spotted fever nckettsiae (61) Smce typhus nckettsiae would, hke 
spotted fever nckettsiae, probably be occasionally mcluded withm nuclei, as 
the nuclear membrane is reformed after mitotic division, one can only conclude 
that conditions withm the cell nuclei are for some reason mcompatible with the 
hfe and growth of typhus nckettsiae The reason for this difference m behavior 
between the two organisms has not been ascertamed 

The behavior of t 3 phus nckettsiae dunng mitotic division of their host cells 
IS mterestmg The organisms are markedly reduced m number dunng this 
process, and tend to collect at the poles of each cell (51) They also, m many 
instances, assume a more sphencal shape The penod of mitotic division, 
perhaps because of the mcreased metabohc rate withm the cells, is apparently 
unfavorable for the nckettsiae, and many of them die at this time Those 
which survive, however, rapidly multiply until they distend the daughter 
cells 

When fat droplets appear withm cells m tissue culture, the nckettsiae are 
never seen withm these droplets, but they crowd the cytoplasm around the 
droplets 

The possible relationship of nckettsiae to mitochondna has frequently been 
a subject for speculation Then morphology and stammg reactions are not 
inconsistent with such a viewpomt, but Cowdry and Nicholson (62), after stam- 
mg mitochondna and nckettsiae alternately m mammalian cells, concluded that 
the two types of structures were separate and distmct The fact that nckettsiae 
may distend cells, and m the case of spotted fever even multiply withm nuclei 
where mitochondna have never been descnbed, is also evidence of their different 
nature It seems qmte clearly established that nckettsiae, as seen m para- 
sitized mammahan cells, are unrelated to the imtochondna of these cells In 
view of the similanty of certam nckettsiae to the mtraceUular sjmbionts of 
msect tissues and the lack of a sharp Ime of demarcation betw een the latter and 
mitochondria, the question of a relationship between nckettsiae and the rmto- 
chondna of insect tissues should perhaps not be considered as finallj settled 
Although it would be entirely possible to do so, no one has actuaUj' watched 
nckettsiae enter cells and obsen'ed their actual multiphcation after entenng 
By this simple obsen^ation, the question of their mtraceUular ongm could be 
defimtelj settled 
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Vtabihty under various environmental conditions R prowazeki is readily 
killed by heat, drying, or chemical agents A few minutes at 50 C suffice to 
destroy the virulence of blood and tissue emulsions, while such matenala when 
dried under ordmary conditions at room or mcubator temperatures become 
non-vinilent m a few hours Blanc and Baltazard report, however, that viru- 
lence IS retained m the thoroughly dried feces of mfected fleas for penods up 
to 651 days 

Any discussion of the viability of the organisms must take mto consideration 
the medium and the protective action of the cytoplasm of the host cells As 
has been brought out above, nckettsiae appear, under all conditions m which 
they have been studied, to survive for only a few hours when freed from this 
protection The supernatant flmd from heavily mfected Maitland cultures of 
typhus nckettsiae is non-virulent when mjected mto gumea pigs In defi- 
bnnated typhus blood, virulence is lost m about 72 hours at mcubator tem- 
peratures and m less than four days at room temperature Scrotal sac exudate, 
contammg many mtracellular typhus nckettsiae, was found by the author (63) 
to lose virulence between the thud and eighth days when suspended m glucose 
broth at room temperature 

Rickettsiae are commonly said to be, hke many of the viruses, resistant to 
the action of glycenne Stnctly speakmg, however, it is probably not a ques- 
tion of resistance to this substance, smce the glycenne probably does not come 
m contact with the mtracellular organisms Glycenne probably helps to pre- 
serve the viabihty of the organisms by virtue of its dehydratmg action on them 
host cells Infective typhus gumea pig tissues, suspended m glycenne, can 
retam their virulence for several months at 0 C (63), while the same tissues 
suspended m physiological salt solution or merely sealed m test tubes lose then 
virulence m a few days under these conditions 

At —20 C, however, a bram or spleen from a typhus gumea pig, merely sealed 
m a test tube, retains its virulence with a gradual loss of titre for penods rang- 
ing up to eight months (63) Scrotal sac exudate, mmced and suspended in 
TjTode’s solution, becomes non- virulent m two weeks at —20 C, but if sus- 
pended in a mixture of equal parts of blood serum and Tyrode’s it retams viru- 
lence for penods up to six months (63) Toppmg (64) finds that typhus nck- 
ettsiae remam ^^Lrulent for several months (end-pomt not determmed) m tissue 
dned m the frozen state m the “tyophile” form or by the “Cryochem” process 

Nigg (65) has reported that t 5 phus nckettsiae m sealed Maitland cultures 
at 37 C are virulent for penods rangmg up to several months Although the 
host cells undoubtedly die under these conditions, they do not dismtegrate and 
apparently continue to mamtam the nckettsiae m a viable state As has been 
said, defibnnated blood from a t 3 ’phus gumea pig loses its lunilence m a few 
daj'S at incubator temperatures 

On the whole, the behavior of t 5 phus nckettsiae under vanous environmental 
conditions is similar to that of many viruses In both cases, the environmental 
conditions vhich preserve iirulence are probably those which tend to mamtam 
the mtegnty of the cytoplasm of the host cells The conditions under which 
extracellular nckettsiae retam their virulence have not been sufficiently studied 
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Pathology, and paihogentcity for mammals The histopathology of typhus 
infection need not be discussed m detail here Suffice it to say that the charac- 
teristic pathologic changes are brought about by the multiphcation of R 
prowazeki withm the endothehal cells of the small blood vessels throughout the 
body, but particularly m the skm and bram The pathology is entirely similar 
m man and m experimental animals 

Among the lower animals, monkeys, gumea pigs, dogs, cats, rabbits, rats, 
mice, gophers, woodchucks, jackasses, ground squirrels, and flymg squirrels are 
susceptible m varymg degrees to typhus infection In many of these animals, 
no fever or other outward manifestation of infection is seen, but the infection 
persists for long penods (up to 370 days m white rats) m an mapparent form 

The most satisfactory ammal for the laboratory study of typhus is the gumea 
pig, m which both munne and human typhus causes a febrile but non-fatal 
illness The differences m the scrotal reaction which are of importance m dis- 
tmguishmg between the two strains of typhus, will be discussed below The 
scrotal reaction occurs only after mtrapentoneal mjection, but a febrile illness 
and the characteristic focal bram lesions are produced equally well by subcu- 
taneous moculation 

Strain vanation An outstandmg characteristic of the pathogemc nckett- 
siae 18 then- tendency to occur m strains of widely different virulence, both for 
man and for experimental animals The possible relation of the pathogemc 
nckettsiae to certam of the non-pathogemc nckettsiae m arthropods requires 
further study, but the evidence at present is agamst any close relationship (13) 

In addition to stram vanations m virulence, however, careful study has 
brought to hght mterestmg biological variations between strains of R prowazeki 
These differences are more or less permanent modifications, probably caused 
by prolonged residence m different species of arthropods and m different species 
of mammals 

Two distmct types of R prowazeki are recogmzed The differences between 
these two types were beheved by the author (18) to be of sub-specific magmtude, 
and consequently the two types ma}'- be given the vanety names R prowazeki 
var prowazeki and R prowazeki var moosen The former is the etiological 
agent of louse-bome human typhus, of the type which has occurred m great 
epidemics on the European contment and has been called European or epi- 
demic t 3 phus R prowazeki var moosen is the name apphed to the etiological 
agent of a somewhat milder, usuaUj’’ endemic, form of the disease occurrmg in 
vanous parts of the world, and apparentlj’- enzootic in rats This form of the 
disease is earned from rat to rat by the rat louse (and b}' the rat flea) and from 
rat to man bj’' the rat flea It is best called munne tjphus, a name suggesting 
the importance of the rat m its epidemiolog}-^ Accordmg to Zmsser, both forms 
of the disease maj" occur m epidemic or endemic form, and the munne t 3 pe in 
Mexico can, like the human t 3 pe, be earned from man to man b 3 ' lice 

The differences between these two \aneties of R prowazeki mav be sum- 
manzed as follows 

1 R prowazeki lar moosen after mtrapentoneal injection in rats causes a 
febnle illness, while R prowazeki var prowazeh produces onl 3 an inapparcn^ 
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infection Male rats mfected with R prowazeki var tnoosen suffer a mild in- 
flammation of the tumca vagmahs with many serosal cells laden with nckettsiae 
while R prowazeki var prowazeki causes no such reaction 

2 R prowazeki var moosen, when mtroduced per anum mto Pediculus 
humanus, kiUs this arthropod m a few days, while R prowazeki var prowazeki 
requires about three weeks This phenomenon is probably mdependent of the 
number of viable organisms mjected 

3 After mtrapentoneal mjection m male gumea pigs, R prowazeki var 
moosen almost constantly mduces an acute infla mma tion of the scrotal sac 
with numerous visible organisms, while R prowazeki var prowazeki either fails 
to cause such a reaction at all or produces it irregularly and m a milder, more 
transient form (66) 

4 Zinsser’s studies with Castaneda (67) brought out certam mmor immuno- 
logical differences between the two varieties, which will be discussed below 

5 Perhaps most important of all distmguishmg features from a practical 
pomt of view is the fact that R prowazeki var prowazeki grows much less 
luxunantly, not only m hvmg experimental animals with resistance reduced by 
vanous methods, but also m the various media conta inin g hvmg or surviving 
cells This fact makes the production of vaccme, m practical quantities, a more 
difficult problem than m the case of R prowazeki var moosen Further discus- 
sion of this phenomenon with reference to immunological problems will be found 
below 

These differences between the two vaneties of R prowazeki seem at first glance 
to be relatively tnvial, but careful study has shown that they are constant and 
important Nobody has succeeded m changmg one variety mto the other, even 
after years of passage m different species of animals Human typhus nckett- 
siae, w'hich have been producmg only an mconspicuous scrotal reaction in 
gumea pigs, can be made to produce a severe scrotal reaction, comparable to 
that seen m munne typhus, by passmg the infection through rats and then 
back to gumea pigs (68) In subsequent transfers, however, the scrotal reaction 
reverts to its mild, mconspicuous type It is, however, beheved, without 
anjdhmg hke conclusive proof, that with crowdmg together of human beings 
and an abundance of hce, the severe, epidemic infection with R prowazeki 
var prowazeki may evolve m months or years from a smgle case of human 
infection with R prowazeki var moosen acquired directly from a rat by the 
bite of a rat flea There is, on the other hand, some reason for behevmg that 
R prowazeki var prowazeki may be endenuc m man m certam parts of the world, 
and if so, important epidemics may start directly, without the necessity of a 
process of transformation of one vanety mto the other 

Zinsser (69) has mtroduced strong evidence that cases of typhus m the North 
Atlantic states are late recrudescences of childhood infection with R prowazeki 
var prowazeki, acquired m Europe K this be the case, the survival of R 
prowazeki var prowazeki dunng mterepidemic penods, qmte mdependent of 
the munne form of the disease, could readily be explamed 

Immunology Infection wnth the nckettsial diseases usually confers long- 
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lasting uninunity The study of the problem of active immuiuzation m typhus 
and spotted fever has centered about the development of methods for the 
accumulation of nckettsiae m sufficiently large concentration to be of practical 
value Ordmanly, the concentration of nckettsiae m the tissues of infected 
laboratory ammals is too low to be of value Tissue vaccme, therefore, of the 
type made by Laidlaw and Duncan for immumzation against distemper, is of 
no value 

Weigl (70) took the first step m 1930 toward a solution of this problem by 
usmg the heavily parasitized mtestmal tissues of lice, infected by mtroducmg 
the virus per anum, and subsequently mamtamed on tjqihus-mimune human 
beings Although of proven value, this method of vaccme production cannot 
be utilized on a large scale because it is too time-consummg 

Benzol poisomng, perhaps because of its destructive effect on the bone mar- 
rov , was found by Zmsser and Castaneda to mcrease the number of nckettsiae 
in the pentoneal hnmg cells of rats infected mtrapentoneaUy with munne 
typhus Better and more constant results were later obtamed by subjectmg 
the rats to suitable doses of x-rays (71) Probably because of the low natural 
susceptibihty of the rat, this method is not effective for human typhus The 
“agar tissue culture” method of Zmsser and co-workers has already been de- 
Bcnbed 

R 'prowazeki was grown on the chono-allantoic membrane of the developmg 
chick embryo by Zia (72) The concentration of nckettsiae obtamed by this 
method was not great enough, however, to justify its use for vaccme production 
Cox showed that much higher concentrations of nckettsiae could be obtamed 
by mjectmg the organism mto the yolk sac of the developmg egg embryo (73) 
Smears of such preparations showed such large numbers of apparently extra- 
cellular organisms that for a time it was believed that extracellular multiplica- 
tion was takmg place It is now known, however, that multiphcation is en- 
tirely withm the Immg cells of the yolk sac, and that here, as under all other 
known conditions, R prowazeki behaves as an obhgate mtracellular parasite 

The Zmsser-Wei-FitzPatnck medium (52) and the method of Cox both have 
the advantage over other methods of bemg applicable to human tjqihus (R 
'prowazeki var prowazeki) and spotted fever (Z) nckeltsi) as veil as to munne 
typhus 

The author, vnth Bessej’- (56) obtamed large concentrations of R prowazeki 
var moosen by the mtrapentoneal mjection of munne tj-phus nckettsiae m 
nboflavm-deficient rats The possibihties of this method for vaccme produc- 
tion have not been exploited No success v as achiei ed by this method with 
either human t5T3hus or spotted fei er nckettsiae, probably because of the high 
natural resistance of the rat to these agents It is possible that the adaptation 
of this method to gumea pigs, vluch are highly susceptible to human ti-phus 
and spotted fever, might gi\ e results of practical a alue 

Castaneda (74) has disco\ ered still another method for producing high con- 
centrations of R prowazeki ^ar moosen, nameh, the intratracheal injection of 
the ^^^us m rats and mice He belie\es that the munne strain is anligcnicalli 
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broader than the human, and that successful vaccmation against the latter 
can be achieved by the former if large doses are given If this proves to be so, 
the problem -will be sunphfied, smce high concentrations of R prowazeh, var 
moosen are relatively easUy obtamed by aU known methods 

Further work is necessary to decide on the relative ments of the vanous 
mgemous methods of vaccme production outhned above, but at present the 
yolk sac method of Cox has probably the greatest demonstrated practical value 
and IS bemg utilized most extensively Even m the face of contmued failure 
to cultivate typhus nckettsiae on bactenologic media, the outlook for large- 
scale vaccme production is by no means dark 

Passive immunization By mjectmg very large quantities of nckettsiae mto 
a horse over long penods of tune, Zmsser and Castaneda (75) have prepared 
an immune serum of considerable potency for gmnea pigs infected with both 
human and murme typhus The practical value of such serum for human pa- 
tients has not been demonstrated 

Living virus immunization Laigret and co-workers (76) have developed a 
method of immunization based on the mjection of guinea pig tissues contaming 
the infective agent of murme typhus m an attenuated form Such methods are 
eflfective only insofar as they mtroduce hvmg nckettsiae and cause actual 
infection The dangers of such procedures are obvious, and a few fatahties 
have occurred from then use m Chile It cannot be denied, however, that 
under certam conditions, as m the face of devastatmg epidemics, the production 
of the relatively rmld murme t 5 Tihus m the population on a large scale might be 
a justifiable emergency measure Expenences dimng the present war will no 
doubt give important information regardmg the value of vanous prophylactic 
measures 

Vaccmation with mixtures of hvmg nckettsiae and immune serum (Zmsser 
and Macchiavello, (77)) should also be mentioned m this connection The 
difficulty of this method is m controUmg accurately the balance between the 
serum and the hvmg organisms 

Agglutination reactions Although the agglutmation of certam strams of 
Proteus vulgaris by sera of patients infected with typhus and spotted fever has 
been used for many years as a diagnostic procedure, no true biological relation- 
ship between that bactenum and the nckettsiae has been demonstrated Cas- 
taneda (78) believes that the phenomenon depends on the possession of a com- 
mon carbohydrate antigen by the two orgamsms The titre of agglutmation 
IS unusually high for a non-specific reaction, but, however closely related the 
two organisms may be antigemcally, they have in their present forms nothmg 
m common except the probable possession of a common antigen Uncntical 
experiments suggestmg that P vulgaris may cause t 3 q)hus fever are not worthy 
of senous consideration 

In typhus, agglutmation is usually found m relatively high titre to the OX 19 
stram of P vulgans, and m low titre with the OX K stram This fact is of 
value m differentiatmg typhus from tsutsugamuchi disease, smce in the latter 
the agglutmation titre is characteristically high vuth OX K and low with OX 19 
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In spotted fever, agglutmation in relatively low titre with both OX K and OX 
19 is the rule (18) 

Agglutination tests can also be earned out with suspensions of R prowazehi 
of both murme and human vaneties, obtamed and concentrated by any of the 
methods described above Cross agglutmation tests earned out by Zinsser 
and Castaneda (67) showed much higher agglutination titres with the homolo- 
gous nckettsiae than with the nckettsiae of the other stram Immune serum 
also protected better agamst the homologous mfection 
Complement fixation tests have been shown to be positive m typhus (79) 

' Latent mfection On the whole, the tendency of the nckettsiae to cause latent 
infection is somewhat less impressive than that of many viruses The brams of 
rats may harbor the rickettisae of typhus for as long as 370 days (80) The 
evidence mtroduced by Zinsser (69), although strongly suggestmg that latent 
infection may persist m man for many years, should probably not be accepted 
without further confirmation Attempts to prove that thromboangutis ob- 
literans IS a late manifestation of typhus (81) deserve only casual mention, smee 
no vahd evidence to support this view has been mtroduced 
Chemotherapy Kikuth (82) has recently stated, but without specific data, 
that the sulfonamides exert a defimte chemotherapeutic effect m nckettsial 
! diseases Toppmg (83) obtamed negative and even suggestively detrimental 
, effects m typhus-infected gumea pigs by the administration of prontosil and 
^ sulfapyndme Chemotherapy seems as yet to offer httle promise, and its use 
' in t 3 phu 8 may even be dangerous 

Methods of diagnosis Sporadic cases of nckettsial disease are of frequent 
occurrence m vanous parts of the world Many of these cases are climcally 
so mild or atypical that special laboratory tests are necessary to establish a 
diagnosis In the majonty of such cases, the mtrapentoneal mjection of 5 ml 
of the patient’s blood mto each of two gumea pigs durmg the first few days of 
illness will result m a febnle disease with mvolvement of the scrotum or scrotal 
sac This phenomenon, which is the result of rickettsial growi;h m a region of 
lower temperature, is almost diagnostic of typhus or spotted fever By killmg 
a gumea pig and makmg smears from the scrotal sac, a presumptive diagnosis 
can usually be made, smee m typhus we find cells packed wuth nckettsiae, while 
in spotted fever the organisms are fewer and larger, and tend to have the char- 
acteristic lanceolate form already desenbed Conclusive proof of the nature 
of the mfedtion is usually obtamable by carrjnng out cross-immunity tests wuth 
known strams of tjqihus and spotted fever nckettsiae 
In certam cases, very mild strains may be encountered, which do not become 
manifest until transfers are made to a second senes of gumea pigs Certam 
strams may even be difficult to mamtam m gumea pigs and cross-immunitv 
tests may be ambiguous Tissue culture studies, mth the application of the 
entenon of intranuclear versus mtracjdoplasmic growth (18) mai be necessarj 
to establish a diagnosis m such cases 

In order to establish a diagnosis durmg com alescence cross-protection tests 
^th the patient’s serum may be earned out The a anous diagnostic methods 



I 


58 HENRY PINKERTON 

have been descnbed m detail by the author (18) Animal moculation is a 
simple procedure and should be utihzed more frequently than it has been m 
the past 

DERMACENTROXENUS RICKETTSI (SPOTTED FEVEr) 

Dermaceniroxenus nckettsi is the etiological agent of a number of diseases of 
the spotted fever group Although similar m many respects to Rtcletisia 
prowazekt, important differences exist which fully justify its assignment by 
Wolbach (17) to a different genus All diseases of this group are transmitted 
by vanous species of ticks Ongmally, the disease was believed to be sharply 
locahzed to the general region of the Rocky Mountains, and was called Rocky 
Mountam spotted fever It has now been demonstrated that essentially similar 
diseases, often showmg mmor chmcal vanation and transmitted by different 
species of ticks, occur in nearly all parts of the world 
Etiological studies The development of our knowledge of the etiology of 
spotted fever parallels m many ways that of our knowledge of the etiology of 
typhus Ricketts (84), and Kmg (85), mdependently announced in 1906 the 
transmission of spotted fever to gumea pigs by ticks Ricketts also demon- 
strated the hereditary transmission of the mfection in ticks He undoubtedly 
saw the etiological agent of the disease m the tick but did not differentiate it 
clearly from non-pathogemc organisms of similar appearance He noted, how- 
ever, the occurrence of large numbers of orgamsms m the ova of ticks, and 
showed that these orgamsms were agglutinated by immune serum from human 
bemgs and gumea pigs Ricketts also descnbed the organism, which he lik- 
ened to the mfluenza bacillus m appearance, m blood smears from gumea pigs 
and man, but this observation has never been confirmed 
Wolbach (17) published m 1919 the results of his thorough and careful eti- 
ological and pathological studies, and named the etiological agent Dermacen- 
troxenus nckettsi Wolbach differentiated between this organism and non- 
pathogemc organisms m ticks, and was the first to demonstrate the mtranuclear 
multiplication of the orgamsm m tick tissues 

Confirmatory evidence of the etiological relationship of the organism to the 
disease was furnished by its cultivation m tissue culture In mammalian cells 
grown in vitro, the presence of the organism is accurately correlated with infec- 
tmty (61) The same is true of infected tick tissues, but here, except for the 
mtranuclear localization of the organism, it is difficult to distmguish it from 
non-pathogemc organisms (13) In tissue cultures mitiated from the tissues of 
mfected gmnea pigs, this difficulty does not anse 

Parker (45) believed that the etiological agent of spotted fever could occur 
m an mnsible form, and that the “virus” could exist m ticks m an mactive 
form which may become active when the ticks ingest blood He has found 
high titres of mfectmty m ticks free from nckettsiae demonstrable by smears, 
and has found nckettsiae m ticks which were not infective It seems probable 
that nckettsiae m non-mfective ticks are the non-pathogemc nckettsiae which 
are often found in ticks, and which may closely resemble D nckettsi morpbo- 
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logically These non-pathogemc nckettsiae are never found within cell nuclei, 
however, and are believed to be distinct from D nckettsi The failure to find 
nckettsiae in smears of infective ticks may be evplamed by the fact that the 
smear method does not demonstrate intranuclear forms In parafiin sections, 
cytoplasmic nckettsiae may be absent while thousands of nuclei contam many 
nckettsi In tissue cultures, infectmty was never found m the absence of 
demonstrable nckettsiae It is the author’s opimon that all the observed 
phenomena can be explamed without assummg the existence of the etiological 
agent of spotted fever m an mvisible form 
Parker’s observation (45) that hibematmg ticks contam the etiological agent 
of spotted fever m a non-mfective or merely immumzmg form, which changes 
to a highly virulent form when these ticks are fed, has never been satisfactonly 
explamed It has not been established, however, that infection depends on 
factors other than the concentration of viable nckettsiae 
Size, fiUerahihty, irwrphology, and staining The smallest dimensions of 
D nckettsi are about the same as those of R prowazeki, and matenal passed 
through Berkefeld filters has never been shown to be infectious The determi- 
nation of size by filtration experiments, m addition to the usual uncertamties 
of this procedure, is made difficult by the fact that the organisms, when freed 
from cells, rapidly become non-vmilent unless suitable physical conditions are 
provided Wolbach (17) found that thoroughly crushed tissues of mfected 
ticks, suspended m salt solution, were non-virulent 
D nckettsi, under certain conditions, shows a striking morphological resem- 
blance to R prowazeki As seen m the scrotal sac of infected gumea pigs, dif- 
ferentiation on morphological grounds is extremely difficult The most defimte 
difference is the occurrence m spotted fever of paired forms, the mdividual 
members of which have tapered ends, so that they somewhat resemble small 
pneumococci This form was first descnbed by Wolbach (17) and was believed 
by him to be a restmg stage, while the bacillary forms, of which he described a 
large and a small form, were believed to be multiplicative stages 

As seen m tissue cultures (61, 54), where an excellent opportumty is afforded 
for morphological study owmg to the heavy infection and perfect fixation of 
the small tissue fragments, the morphological range of D nckettsi is certainly 
greater than that of R prowazeki The large lanceolate forms at tunes reach 
the size of pneumococci Frequently, m the same cell, the nucleus contains 
clusters of exceedingly minute paired granules which are resolved with difficulty, 
while the cytoplasm contains diplobacilh of average size, together with a few 
of the very large lanceolate forms Except for the constant occurrence of these 
different forms m cultures known not to be contammated, one would have 
difficulty m behevmg that they were forms of a smgle orgamsm Rarely, the 
large forms have been seen m nuclei, but never m nuclei which are distended 
with organisms The significance of the large lanceolate form is not clear It 
may, as Wolbach suggested, be a developmental stage (a restmg, resistant form) 
or its occurrence may be determmed simply by nutritional conditions In 
any case, it is distmctive of D nckettsi, and similar forms are not seen m typhus 
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Long chains or apparently filamentous forms, though not seen by Wolbach i;i 
spotted fever, have been found m spotted fever tissue cultures and may be 
mdistmguishable from the cham forms seen m tsTphus 

The staimng characteristics of D ncketist are m general similar to those of 
R prowazeki The Giemsa method (48) and the Macchiavello method (47) 
both give excellent results m smears D rtcLeitsi is rather more easily demon- 
strated m paraffin sections than R prowazeki and may be stained by a wider 
variety of methods, mcludmg the ordmary eosm-methylene blue stam (under 
ideal conditions m thm sections) A modification of the Macchiavello method 
(38) has recently been found to stam the elementary bodies of psittacosis red, 
against a blue cytoplasmic background This method was found m the author’s 
laboratory to be unsatisfactory for staining spotted fever nckettsiae There 
are two modifications of the Macchiavello method that stain D nckettsi very 
sharply and deeply m sections of the gumea pig testicle By the following 
modification, the organisms stain deep red and are clearly distmgmshable, even 
though the surroundmg tissue is also partly red 

1 Fix tissues in Regaud’s fluid, cut thm parafiSn sections and run through 
xylol and graded alcohols to distfiled water m the usual way 

2 1% aqueous methylene blue overmght 

3 Decolorize m 95% alcohol 

4 Counterstain m 0 25% aqueous basic fuchsm for 30 mmutes 

5 Decolorize rapidly (about 3 seconds) m 0 5% citnc acid 

6 Differentiate rapidly m absolute alcohol 

7 Clear m xylol and mount m gum dammar 

The second modification stains the nckettsiae deep blue against a back- 
ground which IS partly red and partly blue 

1 to 5 Procedures same as above 

6 Wash lightly m distilled water 

7 Counterstam agam m 1% aqueous methylene blue for 5 seconds 

8 Differentiate m 95% alcohol 

9 Absolute alcohol and xylol Mount m gum dammar 

It should also be noted that D nckettsi may be stamed fairly well by Good- 
pasture’s method (86) 

Cultivation, and growth requirements In general, the conditions which permit 
the existence and multiplication of D nckettsi are similar to those necessary for 
R prowazeki The latter m the louse is confined to the cells linmg the mtestinal 
tract, while D nckettsi m the tick is found withm practically every type of cell 
and m every organ In mammahan tissues, R prowazeki grows only m vascular 
endothelium and m the serosal cells Iming the pentoneal cavity (87), while D 
nckettsi, in addition to the above cell types, also grows m smooth muscle cells 
of artenolar walls and m macrophages (17) This abihty to utilize a wider 
vanety of cells as hosts is of great mterest, but its significance, m term of growth 
requirements, cannot be learned until we know the details of the metabolic 
processes m the vanous types of cells 

D nckettsi, m gumea pigs, shows a nreference for the scrotum and testes, 
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probably because of the lower temperature obtammg there, and m plasma tissue 
cultures grows best at 32 C The effect of nboflavm-deficiency has not been 
carefully studied Moderate numbers of spotted fever nckettsiae have been 
found by the author in the pentoneal cavity of riboflavm-deficient rats followmg 
mtrapentoneal mjection, m contrast to the absence of nckettsiae m rats simi- 
larly mjected and on a normal diet, but the effect is much less striking than 
that seen m tj’phus Bj"- producmg satisfactory nboflavm deficiency m a more 
susceptible animal like the gumea pig, results of mterest might be obtamed 

In plasma tissue cultures, the restncted multiplication of D nchettsi m the 
cytoplasm of cells and its unrestncted multiplication m nuclei (see below) 
should furnish a clue to its metabohc requirements In spite of many attempts, 
it has been found impossible, by alterations m the temperature, pH, gaseous 
content, or chemical composition of the tissue culture medium, to produce 
marked mtracytoplasmic multiplication of spotted fever nckettsiae, comparable 
to that seen with typhus nckettsiae (54) 

In the yolk sac of the developmg egg embryo (73) and m the Zmsser-Wei- 
FitzPatnck medium, the large number of spotted fever nckettsiae seen m smear 
preparations suggests that the organisms grow more freely than they do by 
other methods It would be of mterest to study cultures of the above types 
m paraffin sections, m order to find out exactly what types of cells are mvaded 
and how freely the organisms grow m the nucleus and c 3 doplasm of the infected 
cells 

Vidbikty under various environmental conditions Spotted fever nckettsiae 
are killed m a few mmutes by exposure to moist heat at 50 C or to chemical 
agents, and m a few hours by thorough desiccation at room temperature In- 
fectious gumea pig blood retains its virulence at room temperature for only 
about a week, and the titre of mfectivity diminishes rapidly dunng that penod 
At 5 C, virulence is mamtamed for somewhat longer penods, rangmg up to 
fifteen days At — 7 C, bram and spleen from infected guinea pigs remain virulent, 
either when suspended m glycenne or when merely sealed m contamers to 
prevent drymg, for penods rangmg up to a year (88) It is probable that re- 
tention of virulence for even longer penods of time, and with slower loss of titrq 
could be obtamed at — 50 C 

The evidence obtamed from paraffim sections of plasma tissue cultures mdi- 
cates that D nckeitsi survives only for bnef penods when set free by the dis- 
integration of cells (61, 54) Extracellular nckettsiae are seen m the fibnn 
clot at the edge of the tissue fragments m somewhat larger numbers than are 
typhus nckettsiae, but are never present m such concentrations as to suggest 
their survival for more than a few hours 

Cytological studies The strikmg feature of D ncketisi m plasma tesue cul- 
tures is its apparent preference for the nuclei of cells, where it grows m com- 
pact clusters (61, 54, 18) At times, the entire nucleus becomes distended 
With organisms, and there is defimte penpheral condensation of the nuclear 
chromatm, smular to that seen m association with the mtranuclear mclusions of 
certam virus diseases Occasionally, from one to five > > ' r<! 
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may be seen withm a nucleus, and these clusters show a marked tendency to 
mamtain a sphencal form In the cytoplasm of the cells, the nckettsiae are 
never in clusters, but grow sparsely and are arranged diffusely 

The occurrence of these sphencal mtranuclear clusters, which at times are 
composed of such mmute elements that they appear to be finely granular, is 
naturally suggestive of the mtranuclear mclusions seen m filterable virus infec- 
tions The resemblance is made stfil more striking by the fact that frequently 
the organisms formmg the intranuclear clusters are stamed bnght red m Giemsa 
preparations, while the mtracytoplasmic organisms stam blue Nicolau 
(89) has reported that with certam stains the mtranuclear mclusions of herpes 
simplex may be shown to be composed of compact masses of bacillary structures, 
and m his illustrations the picture is remarkably similar to that of mtranuclear 
spotted fever nckettsiae The author (90) studied the mtranuclear mclusions 
of Vmis III m tissue cultures, fixed and stamed by the Regaud-Giemsa method, 
and was unable to demonstrate any mternal structure Whatever the nature of 
the herpes mclusions may be, it is unsafe to generalize regardmg the nature of 
mtranuclear mclusions m general, smce it appears probable that their nature 
may vary (3) and that certam types of mtranuclear mclusions may be caused 
by chemical mjury 

Multiphcation of parasites withm the nuclei of their host cells is a very un- 
common occurrence Excluding “virus bodies” hke those of herpes, the only 
defimte microorgamsms other than D nckettsi which exhibit this phenomenon 
are relatively large protozoa, such as Karyophagus salamandrae (91) which is 
a parasite of the salamander 

The umque mtranuclear localization of D ncheiisi was utihzed m the classifi- 
cation of at 3 qncal strains which gave ambiguous cross-unmumty reactions (18) 
Alexander and Mason (92) have recently found this criterion, as applied to 
sections of cultures on the chono-allantoic membrane of the chick embryo, of 
great value m classifymg certam atypical strains of nckettsiol diseases m 
South Africa 

Pathology, and pathogenictiy for animals The pathology of spotted fever is 
m general similar to that of typhus, the essential lesion bemg a specific endan- 
gutis Focal bram lesions, formerly beheved to be peculiar to typhus, have 
been shown by Lillie (93) to develop m spotted fever guinea pigs which do not 
die m the earlier stages of the disease Previous failure to obsenm these lesions 
IS probably due to the fact that both human patients and guinea pigs have died 
before there was time for the lesions to develop 

Monkeys, rabbits and guinea pigs are susceptible to spotted fever, and the 
pathological picture in these animals is essentially like that seen m man Dogs 
are susceptible to infection with fihvre boutonneuse and are probably important 
m mamtammg the disease m nature A number of other lower animals are 
capable of harbormg the mfection, usually m a climcally mapparent form 
These hosts include practically all North Amencan rodents, and m South 
Amenca the n ild dog and the opossum 

The scrotal reaction m gumea pigs reactmg to highly virulent strains of 
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spotted fever is usually of a different t 3 T)e from that seen m t3T3hus FoUowmg 
a bnef penod of simple swellmg and redness, the scrotum m these strains of 
spotted fever becomes deep red, often with petechial hemorrhages, and eventu- 
ally dark purplish-black or even gangrenous A similar scrotal reaction often 
occurs m human patients Scrotal sac exudate is not copious, as m murme 
tj'phus, but acute artentis with thrombosis is the outstandmg feature of the 
lesion These changes occur m gumea pigs mjected subcutaneously as well as 
m those mjected mtrapentoneaUy, while the typhus lesion, which is an acute 
inflammation of the tumca vagmahs, occurs only after mtrapentoneal mjection 
In virulent spotted fever, nckettsiae are usually not found, or found only m 
very small numbers, m smears from the tumca surface, but are seen m large 
numbers m the endothelium and smooth muscle tissue of arterioles beneath the 
surface, both m the scrotum and m the testis 
Certam milder strains of spotted fever, notably fifevre boutonneuse (94) and 
certam mild strains onginatmg m the Umted States (61), give an acute exudate 
with moderate numbers of cells containing nckettsiae m the scrotal sac of the 
gumea pig, simulating the typhus reaction Rickettsiae are present m much 
smaller numbers than m typhus, however, there being rarely more than twenty- 
five to thirty organisms per cell, and the organisms appear larger and often 
more lanceolate m shape Intranuclear nckettsiae are occasionally recognized 
m smears from the scrotal sac They have recently been found m considerable 
numbers m gumea pigs treated with sulfadiazme and sulfathiazole (95) 

Certam strains of spotted fever nckettsiae cause practically 100 per cent 
mortality m the gumea pig, while other strams are never fatal It is not known 
whether the virulence for the gumea pig corresponds accurately to the virulence 
for man Mildly virulent strains (for the gumea pig) have been recovered m 
the western Umted States, as well as in many other parts of the world 
Strain variation Spotted fever, Idee typhus, occurs m man m various parts 
of the world and shows considerable clmical vanation In some instances, 
the clmical vanation depends entuely on the seventy of the infection, but 
certam differences are due to biologically modified strams of the etiological agent 
The diseases now recognized as belongmg to the spotted fever group are 
1 Rocky Mountam spotted fever, 2 Eastern spotted fever, 3 fihvre bouton- 
neuse (94), 4 Sao Paulo typhus (96, 97), and 5 South African tick-bite fever 
(92) These names are given here because they represent localized infections 
which were studied by different observers The exact relationship between the 
strams causing these kmds of spotted fever is not yet entuely clear It has, 
however, been established by thorough study that there are no important dif- 
ferences between the agents of Rocky Mountam spotted fever. Eastern spotted 
fever, and Sao Paulo t 3 T)hus (The last is more appropriately called Brazilian 
spotted fever ) Unless defimte immunological differences are demonstrated, 
Dermaceniroxenus nckettsi, the name given to the nckettsia of Rocky Mountam 
spotted fever should be applied to the etiological agents of all three of these 
diseases It should be noted, however, that the species of ticks commonly 
mvolved m transmission to man is different m the three diseases Dermacentor 
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andersomt for Rocky Mountain spotted fever, Dermacentor vanabUis for Eastern 
spotted fever, and Amblyomma cajennense for Brazilian spotted fever 

Fifevre boutonneuse differs clinically from the above three diseases m the 
presence of a locahzed pnmary sore and an mflammatory reaction in the regional 
lymph nodes Morphologically, m ticks and tissue cultures, the nckettsia of 
fifevre boutonneuse is identical with that of Rocky Mountain spotted fever (94) 
Parker (98) has shown, however, that although guinea pigs recovered from either 
infection are sohdly immune to the other, a vaccme made from formahnized 
tick tissues, which protects gumea pigs effectively against Rocky Mountain 
spotted fever. Eastern spotted fever, or Brazilian spotted fever, is completely 
meffective against fifevre boutonneuse The author (94) has confirmed this 
observation with careful attention to the question of dosage This findmg is 
of great interest, and the underlying mechamsm should be mvestigated further, 
smce it mvolves a prmciple which, so far as I am aware, has not been brought to 
light before Smce the arthropod vector and mtermediate mammahan host 
are different in the two diseases, the observation is reminiscent of that made by 
Laidlaw and Duncan m distemper, namely that, usmg the same strain of virus, 
vaccme made from formalmized ferret tissues, and effective for immunizing 
ferrets, was meffective for the immunization of dogs 

This immunological difference justifies one m regardmg fifevre boutonneuse 
as a somewhat modified stram, and the etiologic agent could, as suggested by 
Alexander and Mason (92), appropnately be called Dermacmlroxenus nckettsi 
(var ) conon The differences between the two organisms appear to be of about 
the same magmtude as those between RtckeUsta prowazekt var prowazekt and 
R prowazeki var moosen 

The identity of tick-bite fever of South Africa has been the subject of con- 
siderable dispute, smce Pijper (99) has mamtamed that it is immunologically 
unrelated to spotted fever The disease is of very feeble virulence for gumea 
pigs, and this fact makes the mterpretation of cross-immumty tests difficult, 
particularly m that the slight non-specific immumty caused by an unrelated 
infection may upset the dehcate balance and give false negative results In 
the author’s opmion. Mason and Alexander (92) by the careful apphcation of 
a number of available cntena, mcluding the demonstration of intranuclear 
localization of the causative organism m chick embryo cultures, have estab- 
lished tick-bite fever as a member of the spotted fever group These workers 
suggest the name “Dermacentroxenus nckettsi pijperi” for the etiological agent 
of the disease, but it is not clear on just what basis they would separate this 
organism defimtely from that of fifevre boutonneuse In general, it seems unwise 
to create vanety names unless differences are found which can be demonstrated 
with regulanty by laboratory methods 

Immunology One attack of spotted fever confers lastmg immumty against 
subsequent attacks, and it is known that the vaccme made by Spencer and 
Parker agamst Rocky Mountain spotted fever protects also agamst Eastern 
spotted fever Although it is meffective against fifevre boutonneuse, it is prob- 
able that a stnctlj homologous vaccme made by the same method would be 
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successful It would be of mterest to find out whether vaccine made from 
Dermacentor andersomt ticks with fifevre boutoimeuse nckettsiae would be suffi- 
cient, or whether it would be necessary to use the com m on tick vector of fifevre 
boutonneuse (Rhipicephalus sanguineous) 

Several of the methods detailed above for obtainmg high concentrations of 
R prowazeki for vaccme purposes are apphcable to spotted fever Vaccine 
made from the tissues of ticks by the method of Spencer and Parker (100) is the 
only one used m practice at present, although Cox (73) believes that the yolk 
sac method is supenor It should be noted that the tick vaccme for spotted 
fever antedated Weighs louse vaccme for typhus (70) Immumty produced 
by killed nckettsiae of any source is relative rather than absolute, and vaccma- 
tion should be repeated yearly Available evidence suggests that the value 
of vaccination lies partly m the reduction of seventy of the infection, which 
IS occasionally, at least, acquired m spite of vaccination 
FitzPatnck (101) has obtamed high concentrations of spotted fever nckett- 
siae by a method similar to that of Castaneda (74) 

Passive immunization m spotted fever is expenmentally possible, and Top- 
pmg (102) has produced a h 3 rper-immune rabbit serum for limited chmcal use 
This serum has not been fuUy evaluated, but its value on the basis of present 
data appears somewhat doubtful m severe cases 
It IS obvious that unexploited possibilities exist m the way of immunization 
with hvmg nckettsiae from the milder strains Tick-bite fever of South Afnca, 
for example, is a disease with no mortahty , and its nckettsiae, which have been 
shown to immumze gumea pigs agamst fifevre boutonneuse, conceivably might 
immunize against more virulent strains of spotted fever Cox (73) has also 
reported the development of an avirulent stram of spotted fever nckettsiae 
by prolonged cultivation m the yolk sac This stram causes m gumea pigs no 
febnle reaction or other evidence of illness, but produces sohd immumty to mas- 
sive doses of highly virulent nckettsial strains 
Agglulination reactions The Weil-Fehx reaction is usually positive m spotted 
fever, the characteristic findmg bemg an mcrease from a low or negative reaction 
to a positive reaction m moderate titre with Proteus wlgans OX 19 and OX K 
Positive reactions at a dilution of 1 160 are occasionally seen m other diseases 
Specific agglutination with nckettsial suspensions is also possible, the suspen- 
sions bemg made by concentratmg the organisms from the yolk sac or other 
sources This specific agglutination test has advantages over the Weil-Fehx 
reaction in that it is more rehable and gives a presumptive diagnosis earlier m 
the course of the disease 

Latent infection The infective agent of spotted fever differs from that of 
typhus m the fact that it disappears much more rapidly from the tissues of 
recovered or latently mfected experimental animala ( 80 ) 

Chemotherapy As m t 3 q)hus, Toppmg (83) found prontosd and sulfapyndme 
of no value and possibly even detrimental when administered to gumea pigs 
with spotted fever The author with von Hofgaarden (103) has tried sulfa- 
thiazole, neoprontosil, sulfadiazme, fuadm, and atabrme m spotted fever gumea 
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pigs, and obtained negative results, similar m all instances to those reported by 
Toppmg but with even greater emphasis on the detrimental effects In gumea 
pigs treated with sulfadiazme, mtranuclear nckettsiae were for the first tune 
seen m considerable numbers m smears from the scrotal sac and m sections 
from the testis 

Diagnosis Methods for the diagnosis of atypical strams of spotted fever 
have been descnbed above m the discussion of stram vanation and in the sec- 
tion on typhus fever 

RICKETTSIA TSHTSUGAMHCHI (tSUTSHGAMHCHI DISEASE) 

Eiiological studies Although long suspected of bemg a nckettsial disease, 
proof of the etiological relationship of a nckettsia {R tsutsugamuchi) {R nip- 
ponica) (R onenlalts) to the disease was obtamed much later than m the case 
of typhus and spotted fever One reason for this is the low susceptibihty of 
experimental animals In 1928, Ishiwara and Ogata (104) transmitted the 
disease to the rabbit by mtratesticular moculation and demonstrated the nckett- 
siae m the mterstitial cells of the testis Nagayo and his co-workers (105) 
showed that mtraocular mjection in the rabbit resulted m an ophthalmitis, 
and demonstrated nckettsiae very clearly m the endothelial cells overlying 
Descemet’s membrane 

Proof of the etiological relationship of the organism to the disease is based 
on its constant demonstration m cells of the above types m rabbits after injec- 
tion with matenal from human patients, and also on the cultivation of the 
organism m tissue culture for long penods of time (106) with full retention of 
its \Trulence when mtroduced mto rabbits by the above methods Although 
obnously transmitted by the larval stage of mites {Trombtcula akamusht and 
T deliensis), no studies of the location and morphology of the organism in mites 
have been published 

The disease has been less completely studied than typhus and spotted fever, 
cjiological studies being particularly incomplete For this reason, its exact 
relationship to the latter two diseases was for a time obscure Lewthwaite 
and Savoor (107) have, however, demonstrated rather conclusively that tsutsu- 
gamuchi nckettsiae are unmunologically distmct from those of typhus and 
spotted fever An important factor m tlieir work was the fortunate chance of 
transmittmg the disease to gumea pigs with resistance lowered as a result of a 
xntamm-deficient diet (108), thus gainmg the opportumty of carrymg out cross- 
immumty tests with the other nckettsial diseases under approximately similar 
conditions 

Size, morphology, and staining R tsutsugamuchi shows considerable morpho- 
logical similanty to certain forms of R prowazeki and D nckeltsi The organism 
IS a short diplobaciUus with bipolar stammg Lewthwaite and Savoor (108) 
give the average limits of size as 0 8 to 2 0 ^ m length and 0 3 to 0 5 in indth 
The orgamsm tends to be shorter and plumper than tjphus and spotted fever 
nckettsiae, and it is believed that differential iagnosis could be made on morpho- 
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logical grounds alone by an expenenced obsen^er Ogata and Unno (109) 
depict short chains The staining reactions are like those of the other nckett- 
siae, but bipolar staining is perhaps more promment The orgamsms have not 
been descnbed as capable of distendmg cells, and are usually diffusely scattered 
rather than clustered 

CvUivaiton, and growth requirements Observations in experimental animals 
and m tissue culture (106) suggest that R isutsugamuchi is an obligate intra- 
cellular parasite, and that its growth requirements are essentially like those of 
the nckettsiae of typhus and spotted fever The organism grows freely m the 
cytoplasm of the mterstitial cells of the rabbit testis and the endothelial cells 
overlymg Descemet’s membrane No convincmg evidence of intranuclear 
localization has been presented 

Pathology, and 'pathogenicity for anvmals Pathological studies in man have 
not been reported From the fact that the cutaneous rash resembles that of 
typhus and spotted fever, one might conclude that the pathology is probably 
an endangutis, as m the latter diseases Lewthwaite and Savoor (108) descnbed 
focal bram lesions m gumea pigs similar to those seen in t3q)hus and spotted 
fever The occurrence of ascites m infected gumea pigs, with nckettsiae in 
ceUs of the ascitic flmd, was constant m the disease descnbed by these workers 
Susceptible animals, m addition to man, are monkeys, rabbits, rats, and gumea 
pigs, but the disease is very difficult to establish and maintam in these animals 
(exceptmg the rabbit foUowmg mjection by the routes mentioned above ) 
The vole is apparently the reservoir of the disease m Japan, while in Formosa 
the rat is the reservoir Although Lewthwaite and Savoor (108) established 
and mamtamed a stram m scorbutic gumea pigs, they were unable to repeat 
this achievement Progress would be more rapid if an ammal highly susceptible 
to the disease by the ordinary routes of moculation could be found 

Strain variation Clmically the disease occurs m a mild and a severe form 
The severe form is characterized by a necrotic local lesion at the site of attach- 
ment of the vector and inflammation of the regional lymph nodes, while these 
lesions are absent m the mild form It is of mterest to note that this situation 
is the reverse of that obtammg m the spotted fever group, where the mild forms 
(fihvre boutonneuse and tick-bite fever) are the ones associated with a severe 
local reaction No criteria for the recogmtion of true variant strains of R 
imtsugamuchi have been descnbed It is clear that tropical typhus of the rural 
type (rural typhus) is essentially identical with tsutsugamuchi disease 

Immunology The immumty conferred by an attack of tsutsugamuchi disease 
IS apparently less complete than in typhus and spotted fever Remfection is 
fairly common, but second attacks are usually mild Vaccines could undoubt- 
edly be prepared by the methods detailed above, smee the organism grows m 
tissue culture, and would probably grow in the yolk sac and in other media 
containmg hvmg cells 

The Weil'Felix reaction, which is important m diagnosis, is charactenzed by 
agglutmation of Proteus vulgaris OX K m high serum titre 
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RICKETTSIA RHltUNANTTCrM (hEARTWATER) 

Etiological studies Heartwater, a highly fatal and econonucally important 
disease of cattle, sheep, and goats, was etiologically obscure until Cowdry (110) 
demonstrated m 1926 the causative agent, R ruminantium, m the endothelial 
cells of the kidney and bram of sheep dying of the disease By studies in the 
tick, Amblyomma hebraeum, Cowdry (111) soon demonstrated the mseparabihty 
of the organism from mfectmty, and established the etiological relationship of 
the orgamsm to the disease by methods similar to those apphed m typhus and 
spotted fever The infection is not hereditary m the tick, but is transmitted 
from the nymph to the larva and from the larva to the adult 
Sue, morphology and staining Morphologically, R ruminantium is rather 
stnkmgly different from t5T5hus and spotted fever nckettsiae End-shaped 
forms are infrequent, and most of the orgamsms are rounded or elhptical, with 
occasional horseshoe shapes resembling certain forms assumed by Bartonella 
cams The organisms are confined to the cytoplasm, and occur there m large 
numbers They are at tunes rather diffusely arranged, but often m defimte 
clusters like those of the elementary bodies of psittacosis The range in size 
is approximately that of D nckettsi The orgamsm is not filterable 
On morphological and other grounds, it would perhaps be preferable, on the 
basis of present knowledge, to assign this orgamsm to a different genus m the 
family Rickettsiaceae, but to do so would serve no useful purpose at the 
present time 

Cultivation, and growth requirements No reports are available on the cultiva- 
tion tn mtro of R ruminantium by any of the methods mvolvmg the use of living 
or surviving cells, and the organism refuses to grow m cell-free media In ticks 
and m mammalian tissues, it behaves as an obhgate mtracellular parasite 
Ifiirulence of infected tissues at room temperature is retamed for only a few hours 
Pathology, and pathogenicity for animals Pathologically, R ruminantium 
appears to resemble the nckettsiae of tjrphus and spotted fever m that it infects 
pnmanly the vascular endothelium A stnkmg difference from the above dis- 
eases IS the accumulation of large quantities of flmd m the pleura, pentoneuro, 
and pencardium (whence the name heartwater) The liver, spleen, and kidneys 
are congested Microscopically, there are slight penvascular accumulations of 
inflammatory cells, but no thromboses The nckettsiae are seen in sections in 
the endothelium of small blood vessels, particularly m the brain and kidneys, 
and can be most readily demonstrated m smears made by scrapmg the endo- 
thehum of large blood vessels 

Small laboratory animals are said not to be susceptible (Alexander, Mason, 
and Neitz (92), although Balozet (112) claims to have earned the infection for 
several generations in guinea pigs, rabbits, and rats 
Immunology In recovered animals, even after 105 days, nckettsiae are still 
demonstrable in the vascular endothelium (113) and the disease may be trans- 
mitted from sheep to sheep by scrapmgs of the endothelium at a time when the 
blood IS no longer mfective The immumty appears to be that of tolerance, 
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and since immunity is only gamed by active infection, no satisfactory method of 
vaccmation has been devised Immune serum treatment has likewise been 
found of no avail, and moculation with attenuated virus has given no results of 
practical value It is said that immunity may be broken down by moculation 
with a different stram of the disease (113) 

RICKETTSIA WOLHTNICA (trENCH FEVER) 

Etiological studies The role of the body louse in transmittmg trench fever in 
man was established durmg the world war of 1914—1918 by British and American 
Commisions (114, 115) The disease was readily transmitted to human volun- 
teers by rubbmg the feces of infected hce mto the scarified skm and also by allow- 
mg infected hce to feed on the volunteers In 1916, Topfer (8, 9) descnbed 
extracellular nckettsiae m the mtestmes of hce, and suggested that these organ- 
isms might be the cause of the disease Similar extracellular organisms were 
descnbed by Munk and da Rocha-Luna (10) m presumably normal hce and 
named Rickettsia pediculi 

Arkwnght, Bacot, and Duncan (116) showed that hce proven non-infective 
and free from nckettsiae regularly became infective about nme days after feedmg 
on patients with trench fever, and that extracellular nckettsiae regularly ap- 
peared m the mtestmal tract and feces of such infective hce While Bacot was 
studymg typhus fever m Poland, he acquired trench fever (7) Stock hce, 
entirely free from microorganisms of any sort, were bemg fed on Bacot at the 
time Twenty days after the onset of his lUness, extracellular nckettsiae ap- 
peared m these hce and also in other lots of stock lice fed on him at the time 

Evidence of the etiologicsil relationship of the organism Rickettsia wolhynica 
(also called R quintana) to trench fever is thus of an mcomplete nature, and it 
can only be said that the organism is probably the cause of trench fever The 
failure to transmit the infection to experimental animals and the practically 
complete disappearance of the disease following the war of 1914-1918 have 
made further progress impossible Recently, the disease has been reported 
(117) in mdmduals on whom presumably normal hce were bemg fed m the 
process of makmg typhus vaccine by the Weigl method 

Morphology and staining R wolhynica is somewhat more deeply stamed m 
film preparations than the more characteristic nckettsiae The orgamsms are 
also somewhat plumper, more defimtely oval, and less pleomorphic than t3T)hus 
nckettsiae It would, however, be difficult to distinguish R wolhynica from 
R prowazeki on morphological grounds alone 

Growth requirements R wolhynica has not been cultivated in cell-free media 
It IS more resistant to heat and drying than R prowazeki, resisting dry heat at 
80 C for twenty minutes and desiccation in sunlight for four months In the 
mtestmal tract of hce, the organism is concentrated along the borders of the 
lining cells, suggestmg that it may depend for its growth on some product of 
the metabolism of these cells Modem methods of cultivation m media con- 
taining livmg cells, such as those detailed above, have never been applied to 
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the study of R wolhyntca, and it seems probable that much information would 
be gamed by the use of these methods 

Immunology The disease is characterized by relapses which may occur as 
late as two years after onset Immumty is slow m development and is probably 
the immumty of tolerance, smce recovered cases continue to infect lice, pre- 
viously free from orgamsms, for many months 

HICKETTSU BURNETT (dIAPOHICA) (q-PEVEr) 

Etiological studies In 1937, Burnet and Freeman (118), m etud 5 ung an epi- 
demic among mdividuals working m slaughter houses or on dairy farms m 
Australia, were able to transmit the disease to experimental animals, and they 
descnbed a nckettsia-like organism m smears from the spleens of infected mice 
This organism was named Rickettsia bumeti by Derrick (119) A smnlar organ- 
ism was recovered by Davis and Cox (120) from ticks (Dermacentor andersonn) 
collected m Montana This organism was found to be pathogemc for giunea 
pigs, and its properties were carefully studied before there was any mdication 
that it might be related to human illness It was called Rickettsia diaponca 
Dyer (121) reported a case of accidental laboratory infection with R diaponca, 
and shoAved that there was cross-immumty between Australian Q-fever and the 
Montana infection m gumea pigs (122) This observation has been confirmed 
and careful comparison of the two organisms, R humeii and R diaponca, has 
shown that they are closely related if not identical Mmor differences m 
behavior m gumea pigs, not unlike the differences described in vanous strains of 
spotted fever, have been observed, but no differences mconsistent with the 
fundamental similanty of the two organisms The etiological relationship of 
R hurneti and R diaponca to Q-fever in Australia and m the XJmtcd States, 
respectively, has been established by gumea pig moculation and serological 
tests There have been several cases of laboratory infection, both in Australia 
and in the TJmted States, and recently an institutional outbreak occurred m 
Washmgton, D C (123) 

Filter ability, morphology, and staining Workers in both countries have 
studied the biological properties of the orgamsms and found them to be filterable 
through Berkefeld filter which apparently did not allow typhus and spotted 
fever rickettsiae to pass (120) This observation is the basis for the specific 
name “diaponca” given by the Amencan investigators Uncertamty exists 
regardmg the occurrence of the organisms m an mvisible form 

Morphologically the nckettsiae of Q-fever are similar to those of spotted 
fever and t 3 Tihus, but appear somewhat larger (perhaps because they stam 
more deepljO The organisms, m infected animal tissues, apparently grow 
both mtracellularl}^ and extracellularlj'- Within infected cells, which are chiefly 
mesothehal and reticulo-endothelial cells, the organisms tend to form compact 
sphencal clusters, the pattern of infection being quite similar to that of Barto- 
nella bacilliformis 

Cultivation, and growth requirements Growth occurs, both mtracellularly and 
extracellularly, m the vanous media contammg living cells commonly used for 
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the growth of nckettsiae and filterable viruses (124) Multiphcation has not 
occurred in any cell-free medium Particularly massive growth is obtamed m 
the yolk sac of the developmg chick embryo The culture requirements of 
R dtaponca appear to be s imil ar to those of Bartonella hacilhSorrms, but no 
multiphcation occurs m cell-free media which have been successfully used for 
the latter organism The same can be said for Bartonella muns, however, 
which closely resembles B baciUiformts, and it seems probable that R dtaponca 
will eventually be cultivated m a cell-free medium Careful cytological studies 
m tissue cultures have not been earned out 

Pathology, and Pathogenicity for animals In a fatal human case reported by 
Ldhe, Perrm, and Armstrong (125), the gross pathological findmgs were pul- 
monary edema and congestion, firm granular consohdation of the upper lobe 
of the nght lung postenorly, and a large soft spleen The other organs showed 
no important changes Microscopically, the picture m the lung was that of an 
atsqncal pneumoma, with much fibrm m the alveoh and bronchioles, and m 
general a scanty mononuclear cell reaction instead of the purulent reaction seen 
m t 3 rpical bactenal pneumoma Similar pathological changes were seen m the 
lungs of experimentally infected monkeys In neither the human nor the 
monkey lungs were nckettsiae demonstrated histologically The similanty of 
the pathologic picture to that desenbed m fatal cases of atypical pneumonia of 
unknown ongm by Longcope (126) and by Kneeland and Smetana (127) was 
staking The picture is also rather similar to that of certam cases of psittacosis 
pneumoma (128) 

In gumea pigs, after an mcubation pfenod of two to eighteen days dependmg 
on the amount of infective matenal mjected, fever follows for four to six days, 
and loss of weight and appetite Gumea pigs have been successfully infected 
by the moculation of human blood or urme There is practically no mortality 
m the gumea pig, but at necropsy a large soft spleen is found and nckettsiae 
may be seen, both free and m mononuclear cells, in smears of the spleen stamed 
by the Giemsa or the Machiavello method 

In the gumea pig, Ldlie (129) has desenbed penvascular accumulations of 
l 3 Tnphocytes and rare focal bram lesions like those seen m typhus and spotted 
fever Granulomatous tubercle-hke lesions, with giant cells, are also desenbed 
m the spleen, hver, and other organs 

In rmce, Burnet and Freeman (118) have desenbed small, necrotic foci m the 
liver, and the presence of nckettsiae m the Kupffer cells of that organ 

Immunology Vacemes prepared from yolk sac suspensions or from infected 
mouse spleens (130) are effective m buildmg up active immumty Hyper- 
immune serum also gives considerable protection In general, the immuno- 
logical aspects of the disease appear to be similar to those m typhus and 
spotted fever 


RICKETTSIA CANIS ANO RELATED ORGANISMS 

Rickettsia omna was observed m sheep m 1930 by Lestoquard and Dona- 
tien (131) Later, a similar organism (It cams) was reported m dogs (132), 
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and a third variety (R hovis) m cattle (133) These three organisms are morpho- 
logically identical They aU produce febnle dlness m their mammalian hosts 
and have m common the fact that they parasitize the monocytes of the circu- 
latmg blood Evidence suggestmg tick transmission has been presented m the 
case of all three organisms, but morphological studies of the organisms m their 
probable vectors have not been reported 

Rickettsia ovma was first found m monocytes of the circulatmg blood from a 
sheep suffeiing from a febrile lUness after moculation with emulsions of organs 
of the tick, Rhijncephaliis bursa A second sheep m which the rickettsiae were 
seen had a concomitant infection with Babes%eUa oins A third instance of infec- 
tion with R omna was encountered m a splenectomized sheep moculated with 
blood from a second splenectomized sheep m which a double infection with 
Bahesiella ovis and Anaplasma oms was present Rickettsia ovina has been very 
mcompletely studied, and it is impossible to draw any conclusions regardmg 
its exact nature 

Rickettsia hovis, similarly, was found m the circulatmg monocytes of a bull on 
which ticks of the genus Hyatomma had been fed The ticks were infected with 
Theilena dispar and had transmitted this organism to the bull The infection 
with R hovis was presumably denved from the ticks 

Rickettsia canis has been studied m somewhat greater detail It was first 
found in the circulatmg blood of dogs suffenng from a fatal illness which began 
a few days after many ticks (Rhipicephalus sanguineous) had fed upon them 
Later the infection was found to be common m dogs and to occur m both an 
acute and a chrome form Ticks fed on dogs suffering from the infection were 
shown to be infectious when ground up and mjected mto other dogs In one 
mstance, infection was produced m a monkey by the moculation of ground-up 
larvae issumg from a female Rhipicephalus sanguineous which had engorged on 
a dog suffermg from acute infection with Rickettsia cams 

Morphologically, R cams, hke the other two members of the group “nckett- 
siae of monocytes,” occurs usually m compact mtracytoplasmic aggregations 
or groups, often mdentmg the nucleus but never mvadmg it Several clusters 
may occur in a cell, the pattern produced simulatmg that of Bartonella hacUli- 
formis, Rickettsia diaponca and the organism of psittacosis The mdividual 
elements are 0 2 to 0 3 /:i m diameter when closely packed, but range up to 0 5 
or 0 6 /I m diameter when separated from one another They are rounded, 
elliptical, polygonal or rarely coccobacillary or bacillary The stainmg reac- 
tions are similar to those of the t3T5ical nckettsiae, except that the structures do 
not stam by Castaneda’s method Filtration experiments gave negative results 

The infection is transmissible to dogs and monkeys by mtravenous or sub- 
cutaneous mjection of infected blood or emulsions of lung, spleen, or brain tissue 
Dogs which recover from the infection remam chromcally and latently infected, 
and show an immumty of tolerance, similar to that seen in mfection with R 
ruminantium Relapses can be brought about by mtercurrent infection or by 
splenectomy 

R cams appears to be distmct from bartonella, eperythrozoon, hepatozoon. 
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and piroplasma, and is obviously unrelated to the nckettsia of fifevre bouton- 
neuse In view of the fact that R cants, R ovitia and R hovis are primarily 
parasites of the circulatmg monocytes, it is the author’s opimon that more 
detailed studies must be earned out before a decision can be reached as to whether 
these organisms should be grouped with the nckettsiae If they should be so 
classed, they should be given genenc names other than Rickettsia These 
organisms have been discussed here largely for the sake of completeness A 
detailed account of them may be found in a paper by Donatien and Lesto- 
quard (113) 
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Vaccine virus has been studied so dihgently and successfully during the past 
decade that it now stands as the best-defined member of the group of animal 
viruses This recent development of knowledge represents the flowenng of a 
field carefully cultivated for half a century and sporadically tended for the pre- 
cedmg hundred years A number of factors have contributed to the sustained 
mterest m the study of the nature of the virus of vaccmia, namely, the importance 
of cowpox m prevention of one of the great scourges of mankind, the early recog- 
mtion of this agent as a member of tiie group of viruses and the tendency to 
regard it as one of the classical examples of the group, and, finally, the ease with 
which this virus is handled m the laboratory The present review will trace 
the development of methods which provide highly purified preparations of virus 
It will deal with the evidence which mdicates that the elementary body repre- 
sents the infective umt of the virus Furthermore, data bearing on the physical, 
chenucal and antigemc structure of the elementary bodies wiU be presented and 
discussed as regards the hght they focus on the position of vaccme virus m the 
scale of infectious agents A number of earher reviews may be consulted for a 
discussion of other aspects of the subject of vaccmia-vanola (6, 25, 27, 122) 

DEVELOPMENT OF METHODS FOR THE PREPARATION OF HIGHLY PURIFIED VIRUS 

The aura of mystery which has surrounded the subject of viruses for so many 
years is bemg gradually dispersed It has receded step by step with the develop- 
ment of methods that have made available for study virus preparations of m- 
creasmg degrees of punty Knowledge gamed from the examination of such 
preparations has replaced ignorance and speculation, as a result, viruses are no 
longer regarded as noxious infectious agents which he entirely apart from bac- 
teria, protozoa and amma.l cells 

Durmg the era when nucroscopy and morphological structure dommated ex- 
perimental medicme and when Laveran’s descnption of the malarial parasite 
was new, workers observed many bizarre forms m cells infected with the virus 
of vaccmia and m vaccme lymph (6) Only two of these are now considered 
significant, they are the cytoplasnuc mclusions of Guarmen (31) and the mmute 
particles or elementary bodies of Paschen (77) Attention has been called (28) 
recently to Buist’s descnption of elementary bodies of vaccima almost 20 years 
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pnor to that of Paschen It seems useless to discuss the chronology of these 
microscopic observations, however, for neither report was widely accredited in its 
day nor would either be accepted now as proving the relationship between the 
elementary body and the virus This is particularly true m view of the recent 
work on cell particles denved from suspensions of normal tissue (10) It should 
be mentioned that Paschen subsequently sought for and obtained evidence (68, 
78) of other types which strengthened his early hypothesis concermng the in- 
fectious nature of the elementary body 

The obhgate parasitism of viruses, i e , their mabihty to multiply m the absence 
of livmg cells, long delayed the direct study of these agents, for it was obvious 
to all that the major portion of even the most highly infectious tissue suspensions 
was nonviral cellular matenal The jfirst senous attempt to obtam suspensions 
of elementary bodies of vaccmia free of extraneous matter was made m 1922 by 
MacCallum and Oppenheimer (58) These workers apphed the techmque of 
differential centnfugation to vaccme lymph obtamed from mfected dermal pulp 
of calves Although repetition of their experiments was not reported from other 
laboratones, their idea for centrifugal separation of particles of a given size and 
density from a mixture consistmg of many different kmds has been widely 
accepted 

Ledmgham’s contnbution (52), nme years later, provided the background for 
the modem method of obtainmg purified suspensions of vaccme virus He sus- 
pended triturated matenal from early cutaneous lesions of rabbits m distilled 
water and added ether to the suspension Followmg prehmmary centrifugation 
which separated large particles and fioatmg matenal from the opalescent aque- 
ous suspension, the virus was sedimented from the water by centnfugation for 
1 hour at 9000 i p m The sediment was then resuspended m sahne solution 
and freed of aggregates by fractional centnfugation Craigie (12, 14) altered 
this techmque m a number of important respects a stram of vaccme virus well 
adapted for multiphcation on the skm of rabbits was employed, large areas of 
closely chpped, unpigmented skm of healthy rabbits were gently scratched with 
the edge of a pad of fine vpire while a highly infectious suspension of virus was 
apphed to the site, dermal pulp was harv^ted 3 days later by gently scrapmg 
with a dull scalpel the moculated surface which had been moistened with buffered 
water, dermal pulp diluted appropriately with buffered water was then subjected 
to a process of differential centnfugation similar to Ledmgham’s, except that the 
Swedish angle machme was used for sedimentmg the virus, the matenal ongmally 
thrown down m the angle centrifuge (3500 r p m for 1 hour m flat tubes) was 
washed several times by resuspendmg m dilute buffer solution and recentn- 
fugmg, and finally, aggregated particles were removed from the suspensions of 
washed virus by prolonged centnfugation m the International machme 

It IS worthwhile to discuss certam fundamental pnnciples which are embodied 
m Craigie’s techmque for it is by the application of these pnnciples that one 
may reasonably expect to obtam pure preparations of other animal viruses 
One of these is the simultaneous moculation with active virus of mynads of cells 
without damage to the underlymg tissue and probably without appreciable 
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damage to most of the moculated cells themselves The virus multiphes at es- 
sentially the same rate m all of the moculated cells , hence, when harvested at an 
appropnate tune, each cell yields a maximum amount of virus Furthermore, 
at this time comparatively few cells have undergone destruction, therefore, a 
minimal amount of cellular debris contammates the preparation Another 
fundamental pomt concerns collection of matenal only from infected cells This 
IS accomplished by covermg the blanket of virus-laden surface cells with a hy- 
potomc solution and then applymg a gentle shearmg force exerted with a blunt 
scalpel Under these conditions the diseased cells apparently rupture and 
discharge their contents m much the same way as do npe grapes when squeezed 
between the fingers In order to emphasize the superficial nature of the har- 
vestmg procedure, it may be mentioned that histological sections of rabbit skm 
taken before and after collection of dermal pulp are almost mdistmguishable 
Diluents with a pH shghtlj above 7 and with low concentration of electrolytes 
are essential m work of this type for the elementary bodies of vaccinia, hke many 
other small particles, aggregate m menstrua which are below pH 7 or which 
contam appreciable quantities of salts 

Our modifications (30, 36, 102) of the ongmal techmques of Craigie have been 
made m order to embrace the above principles more closely or to effect savmg of 
time without compromismg the punty of preparation On the other hand, 
some workers (60, 63), m an attempt to mcrease the total yield of elementaiy 
bodies, have salvaged virus-laden matenals which are ordmanly discarded 
While such preparations are suitable for certam types of experimentation, they 
are not desirable for use m studies which demand pure virus In a hke manner, 
our suspensions of virus prepared from ground, infected chono-allantoic mem- 
branes by a combmed process of differential centrifugation and tryptic digestion 
(104) which was employed to nd the suspensions of some of the normal protems, 
are useful for certam work, but these preparations do not approach the state of 
punty attamed m the standard procedure 

mENTlFICATION OF THE ELEMENTABT BODY WITH THE INFECTIVE UNIT 

OF VACCINIA 

It can now be stated with assurance that the elementary body of vaccmia is 
the infective umt of the virus Early attempts to associate elementary bodies 
with infectivity were essentially quahtative m character Even as late as 1932 
the important observations of Eagles and Ledmgham (22) which dealt with the 
correlation of elementary bodies with infectivity of virus filtrates were basically 
all-or-none experiments Followmg the development of methods for obtammg 
highly purified suspensions of virus and, of equal importance, the development of 
accurate methods for estimatmg the endpomt in titrations of virus suspensions 
(85), quantitative correlation of elementary bodies and infective umts was under- 
taken Needless to say, such quantitative studies make extensive use of statisti- 
cal analyses and of results obtamed for the most part by mdirect measurements 
Therefore, it is not surpnsmg that workers m this field have frequently disagreed 
on the validity of methods and on the significance of obsen’^ations In order to 
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sunplify the present discussion most of the theoreticaJ aspects of the problem will 
be avoided, for those who are mterested a number of the ongmal papers (7, 32, 
70, 71, 74, 107, 108, 109, 110) may be consulted The work m tlM segment of 
the field has progressed along two convergmg hues, first, the estimation of the 
number of active virus particles needed to produce a lesion, and second, the 
number of elementary bodies m a smgle infective dose 
It must be realized that the production of a detectable vaccmal lesion m the skin 
of a rabbit depends on a number of factois other than the virus itself For ex- 
ample, Sprunt and his co-workers have demonstrated that changes m cellular 
resistance of non-unmune rabbits, which result from variations m the endocnne 
(109) and nutntionaJ balance (108) of the animals, affect the endpomt of a given 
suspension of virus titered m these animals Furthermore, the volume of the 
inoculum and the number of cells exposed to the moculum likewise affect the 
titration endpomts (107) While these factors are of importance m studies on 
the number of particles of active virus needed to produce a lesion, they are, never- 
theless, controllable factors and once recognized they can be avoided 
A satisfactory method for estimatmg the number of infective umts m a sus- 
pension of vaccme vmis was mtroduced by Parker and Rivers (74), and, with 
some modification it is now used almost exclusively for accurate work Multiple 
mtracutaneous moculations are made in rabbits with each of a senes of dilutions 
of nrus matenal The range of dilutions is chosen so that the most concentrated 
suspension produces lesions m a high percentage of moculated sites, while the 
least concentrated suspension produces few if any lesions when mjected The 60 
per cent endpomt is then calculated by the statistical method of Muench (85) 
The numencal value thus obtamed represents the loganthm of the dilution of 
\nrus suspension which produces lesions m half of the moculated areas Titra- 
tion endpomts obtamed by this method are reproducible withm 10“ ^ (one-tenth 
of a Bnggsian logarithmic umt) provided sufiBcient sites of moculation are em- 
ployed to give statistically significant results (36, 109, 110) 

Parker (70) tested experimentally the hypothesis that a smgle infective particle 
of vaccme virus could produce a lesion He apphed a graphic method of statisti- 
cal analysis to results obtamed on multiple titrations of twofold dilutions of virus 
suspension , the dilutions were known to be m the region of the 50 per cent end- 
pomt titer of the matenal Parker was able to show that the data were con- 
sistent with such an hypothesis Furthermore, the data failed to provide 
satisfactory statistical correlation with curves constructed on the assumption 
that two or more active particles were needed for infection Haldane (32) 
apphed an algebraic method of statistical analysis to Parker’s data and pomted 
out that certam of the latter worker’s computations required mmor corrections, 
these corrections, however, did not mvalidate the conclusion that one 
active particle could produce a lesion It should be emphasized that expen- 
mental results of this type are obtamed only when a stram of virus is em- 
ployed which IS highly virulent for the moculated tissue For example, simul- 
taneous titrations of the CL stram of virus m the skms of rabbits and the brains 
of mice show a difference m endpomts of about 10“ (71) It is thus apparent 
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that many infectious particles of this stram adapted to the skm of rabbits are 
needed to kill a mouse Although it is helpful to knoiv that under proper con- 
ditions a smgle infective particle of vaccme virus can produce a lesion (70, 71, 
109, 110) such information does not permit one immediately to conclude that a 
smgle elementary body can mitiate infection The biological deductions con- 
cermng a smgle infective particle make no assumption regarding the structural 
nature of that particle, they are equally vahd if the virus is as small as an al- 
bumm molecule or as large as a bactenum 

An estimation of the number of elementary bodies which constitute an infective 
umt of virus is fundamentally the same problem as the determmation of the 
number of pneumococci needed to kiU a mouse The techmcal difficulties m- 
volved m enumeratmg elementary bodies are greater, however, than those en- 
countered m countmg bactena Certam of these difficulties are presented m 
the report of Parker and Rivers (74) These workers counted the particles m 
suspensions of washed elementary bodies by placmg the matenals m a countmg 
chamber and exammmg them by ordmary dark-field microscopy The value 
thus obtamed was compared with the number of infective umts m the same 
suspensions Although a direct correlation was found to exist between the 
number of elementary bodies and infective umts, the authors concluded that the 
data did not justify extrapolatmg the curve to deterrmne the number of elemen- 
tary bodies m a smgle infective umt 

Smadel, Rivers and Pickels (102) employed certam of them own data on size 
and density of elementary bodies, which had previously been obtamed m ultra- 
centnfugation studies (79, 98), to calculate the weight of a smgle dehydrated 
elementary body and found it to be 5 34 X 10~“ grams Seven consecutive 
pools of washed elementary bodies were accurately titered for mfectivity and 
then dned from the frozen state and weighed, them weights vaned between 130 
and 263 mg The total number of infective umts m each pool was calculated 
by multipljong the number of infective umts per millihter by the volume of the 
pool before drymg The total number of elementary bodies m each pool was 
estimated by dividmg the weight of the dried material, expressed m fractions of 
a gram, by the figure 5 34 X 10““ (the calculated weight m grams of a smgle dry 
elementary body) The ratios of elementary bodies to infective units deter- 
mmed for the seven preparations vaned between 2 4 1 and 9 2 1, the average 
was 4 2 1 

This correlation between elementary bodies and mfecfave umts is surpnsmgly 
close, for there are a number of factors other than errors which may have been 
mtroduced m the tatrations of mfectmty and m the calculation of the weight 
of a smgle elementary body which could affect the ratios (102) For exBtaple, 
if any elementary body m the pooled suspensions were not infectious or not m a 
monodispersed state, or, if all of the dried matenal did not consist of elementary 
bodies, then the estunated number of virus particles per infective umt would 
increase The effects produced by inactivation and aggregation of virus on the 
EB I XJ ratio are illustrated by an experiment m which the mfectivity of pooled 
suspensions of virus was determmed before drymg and after careful rehydration ^ 
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and resuspension (36) The number of elementary bodies per infective umt 
estimated from the titrations made before drymg was 3 7 1, but when data from 
the second titration were employed, the ratio was 241 1 If one had only the 
latter ratio it would be impossible to guess which of the three factors was operat- 
ing, moreover, it is obvious that one would not be justified m drawmg conclusions 
regardmg the number of active bodies needed to produce a lesion or regardmg 
the purity of the preparation On the other hand, if the ratios approach umty 
one IS certam that a high percentage of the elementary bodies is infectious and 
that the preparations of virus are of a reasonable degree of punty (102) 

One may conclude from the experiments discussed m this section that under 
the proper conditions a smgle active elementary body can mitiate infection 

PtTKITT OP PHBPARATIONS OP ELEMBNTABT BODIES OP VACCINIA 

In a sense most of the work discussed above and much of that which follows 
deals directly or mdirectly with the punty of the preparations of virus It is 
appropnate to marshal certam of these facts now, m order to establish the fact 
that physical, chemical and immunological data obtamed on purified prepara- 
tions of virua represent characteristics of the elementary bodies themselves and 
not attnbutes of extraneous tissue matenal which is present as a contammant 
The usual cntena employed m chemistry have been weU satisfied (36) Crude 
startmg matenal, dermal pulp, amounts to several grams per rabbit while the 
final preparation, which contains almost all of the infectivity ongmally present, 
weighs only 8 to 10 mg The analytical chemical data on different lots of purified 
virus are remarkably constant On the other hand, phosphorus, total lipid 
and neutral fat decrease progressively as matenals are discarded durmg the 
process of purification and are lowest m amount m the final preparations of virus 
Conversely, total mtrogen, phosphohpid, reducmg sugars (36) and copper (40) 
mcrease progressively and are present m largest proportion m the final product 
Certam physical methods commonly employed for establishing the homo- 
geneity of matenals have been apphed to vaccmia Suspensions of elementary 
bodies exammed under the proper conditions show a smgle boundary m the 
analytical centrifuge (79) and m the electrophoresis apparatus (62, 93) Two 
other methods frequently employed for this purpose, t e determmation of solu- 
bihty and crystalhzation, are not apphcable to the virus of vaccmia 

It may be pomted out that the fulfillment of no smgle one of these cntena 
provides adequate proof of punty For example, the cholesterol content of virus 
prepared accordmg to routme procedures is constant at about 2 per cent, how- 
ever, cholesterol apparently is not an essential constituent of active virus for it 
can be removed by ether exiraction without reducmg the mfectivity of the 
preparation (36) The techmque of differential centnfugation employed m 
the purification of virus selects particles with approximately the same rate of 
sedimentation, therefore it is not surpnsmg that the final preparation displays 
a smgle boundary m the analytical centnfuge Indeed it has been demon- 
strated experimentally (99) that equal mixtures of suspensions of washed virus 
and of collodion particles, graded by the same techmque as is used for the virus, 
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sediment with a smgle boundary m the analytical centrifuge A smgle boundary 
m the electrophoresis cell merely means that all the umts of the matenal have 
similar electncal charge distnbutions on their surfaces Here agam it has been 
possible to show that a mixture consistmg of a suspension of graded collodion 
particles coated with the soluble antigen of vaccmia and a suspension of elemen- 
tary bodies move as a smgle boundary m the electrophoresis apparatus (99) 
Do such deficiencies m the chemical and physical methods mean that evidence 
of homogeneity obtamed by these techniques is valueless? Of course not It is 
apparent, however, that each type of datum may be misleadmg at times m 
regard to the purity of a biological preparation (81, 92) 

Until recently evidence of morphological homogeneity of vaccme preparations 
was obtamed by means of ordmary microscopic techmques (54, 121) or by ultra- 
violet hght photography (23) Although such exammations showed that the 
matenal contamed particles of uniform shape and size, these observataons were 
subject to the same objections as the ultracentnfugal data, smce neiiher the re- 
solvmg power of the microscope nor the staining characteristics of the particles 
enabled one to differentiate with certamty the virus from normal tissue particles 
(53) Electron microscopy has just revealed a characteristic external shape and 
mtemal structure of the elementary bodies of vaccinia (30), this morphological 
evidence of the homogeneity of particles m suspensions of vaccme virus now 
offers the best smgle cntenon of punty so far obtamed for these preparations 

It may be concluded, therefore, from the evidence just summarized and from 
the data on elementaiy body mfective umt ratios presented m the previous 
section, that the virus of ■^ccmia can be obtamed m a highly purified state 

PHYSICAL PEOPBHTIES OF THE VXBIJS OF VACCINIA 

Evidence substantiatmg the opmion that the elementary body is the virus of 
vaccmia has been presented m previous sections Therefore, m discussmg the 
physical properties of the virus one may draw on two sources of information, 
t e earher data obtamed on crude suspensions of virus, and more recent data 
denved from studies on purified suspensions of elementary bodies Information 
of the latter sort will be discussed m preference to the former, for not only are 
these data obtainable on cleaner preparations but also methods of direct optical 
measurement may be apphed to the suspensions of elementary bodies, whereas 
mfective titers must be used to follow the course of the virus m crude 
preparations 

Experiments which provide information on the size, density and morphological 
structure of elementary bodies will be summarized together with data beanng on 
the nature of the surface of the particle and of the response of the virus to osmotic 
influences 

Size Suspensions of elementary bodies when sedimented m the anal 3 dical 
centrifuge form a characteristic pnmarj' boundary which consistently shows a 
spread of about 14 per cent (79) The sedimentation constant of the slowest 
movmg particles m the boimdarj' is 49 1 X 10~^* cm/sec/djme [4910 Svedberg 
umts (88)] In other axpenments elementar^^ bodies were found to have a 
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denaty of 1 16 (98) and a bnck-hke shape (30) These three sets of data enabled 
Pickels and Smadel (79) to calculate with considerable accuracy the aze of 
elementary bodies The average diameter of the smallest elementary bodies 
present m appreciable amounts is 236 mju and, if the boundary spread is due to 
differences m particle aze, the largest smgle elementary bodies are approximately 
252 mu m diameter 

Estimations of the size of vaccinia have been made from data obtamed by other 
methods (see references, 79), and conadenng the technical difficulties mvolved, 
the various values are m reasonably close agreement Direct measurements of 
electron micrographs of elementary bodies give values shghtly lower than those 
estimated from the centrifugal data (30) This is to be expected smce dehydrated 
particles are exammed m the electron microscope and hydrated ones m the 
analytical centrifuge, the effective diameter of elementary bodies is reduced 
about 14 per cent by extraction of readily removable water (98) 

Density Although it had been previously suspected that the density of 
small biologically active umts such as viruses might be altered by vaiymg the 
osmotic pressure of the suspendmg media, this fact was demonstrated by Smadel, 
Pickels and Shedlovsky (98) workmg with vaccmia m the analytical centrifuge 
The sedimentation rates of particles which are unaffected by the medium de- 
crease proportionately as the density of the medium is raised, and ultimately, 
when the densities of particles and medium are equal, no sedimentation occurs 
Experiments with elementary bodies show that the dechne m sedimentation rate 
observed m media of mcreasmg specific gravity is not directly proportional to 
the density of the solution, therefore some change cn the bodies must occur 
The density of elementary bodies suspended m dilute buffer solutions is esti- 
mated to be 1 16 g per ml Higher values are found if the virus is suspended m 
concentrated solutions of sucrose, glycerol or urea (98) In a 63 per cent solution 
of sucrose elementary bodies fail to sediment, hence their density under these 
conditions is equal to that of the medium, le 1 25 g per ml McFarlane, 
Macfarlane, Amies and Eagles (63) apphed direct pyknometnc measurements to 
dried elementary bodies prepared somewhat differently from ours and concluded 
that the dry density of the bodies is 1 26 

The density of elementary bodies suspended m simple aqueous media is, there- 
fore, mtermediate between that of bacteria 1 10 (89), and of protem 1 33 (118) 
In hypertomc solutions of non-electrol 3 rtes the density of elementary bodies 
mcreases appreciably 

Response to Osmotic Influences The changes observed m the sedimentation 
rates of elementary bodies suspended m solutions of different osmotic pressures 
vaiy not only with the concentration of the solute but also with the nature of 
the solute and the time of exposure (98) These changes are more pronounced 
and occur more rapidly when concentrated solutions are employed Hyper- 
tonic solutions of sucrose remove water from the elementary bodies, this is shown 
by the progressive mcrease m sedimentation rate for an appreciable tune after 
exposure until a maximum is reached after which the rate remains constant In 
contrast, hypertomc solutions of urea first remove water from the virus particles 
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(the sedimentation rate increases), then urea and water diffuse into the bodies 
resultmg in a return to their ongmal size (the sedimentation rate drops to normal 
for the medium) A complete reversal of the course of events is observed when 
elementary bodies which have been treated with sucrose or urea are resuspended 
m dilute buffer solution, the sedimentation rate finally returns to the neighbor- 
hood of 4910 Svedberg umts 

The behavior of elementary bodies in solutions of sucrose, glycerol and urea is 
Kiimln.r to that of erythrocytes (98) Although analogies are temptmg, one can- 
not conclude from this evidence alone that elementary bodies are limited by a 
semipermeable membrane which functions on osmotic pnnciples K the virus 
particle were a gel-hke structure without a superficial membrane such as postu- 
lated by McFarlane and his co-workers (63), it might still behave m the manner 
observed It would be of mterest to know how structures such as tmy collodion 
or gelatm micelles or even large protem molecules such as edestm and the plant 
viruEes would respond to the treatment given to elementary bodies 

Nature of the Surface of Elementary Bodies The surface of the elementary 
body IS made up m part, at least, of protem material, both serological and physi- 
cal data provide information on this pomt Individual antibodies against 
three of the antigens of vaccuua, t e , L (heat-labile), S (heat-stable) and NP 
(nucleoprotem) are each capable of agglutinating the virus (17, 101) There- 
fore, both the L- and S- portions of the LS-protem molecule (94) and the reactmg 
part of the nucleoprotem molecule are present on the surface of the virus Elec- 
trophoretic evidence is consistent with the idea that these proteins constitute 
an appreciable portion of the surface of the virus The electrophoretic mobihties 
of native LS-protem, of heat-denatured LS [formerly designated S, now L'S 
(103)] and of NP are relatively close, bemg 6 4, 4 4 and 6 0 X 10“* cm/sec per 
volt/cm respectively m 0 05 M hthium veronal buffer solution, pH 7 9 (94, 101) 
Both elementary bodies of vaccuua and solutions of L'S move at a rate of about 
10 X 10~^ cm/sec per volt/cm m 01 M hthium veronal solution pH 7 9 (93) 
Smce electrophoretic behavior is primarily dependent on surface charge one may 
justly conclude that the elementary body is covered with a substance, or mixture 
of substances, havmg an electncal charge close to that of the protem and nucleo- 
protem antigens This sinulanty m electrophoretic rate becomes more impres- 
sive when one considers that elementary bodies coated with rabbit alb umin move 
at a much slower speed than normal whereas elementary bodies treated with a 
detergent that denatures the antigens and mactivates the virus move at a much 
faster rate (93) 

The r61e of hpids m the surface structure of the virus cannot be adequately 
assessed at this tune The electrophoretic mobihty of elementary bodies, like 
theu mfectivitjb is unaffected by extraction with ether (62, 93) , however, 
removes only cholesterol from the bodies and does not reduce the 
neutral fat or phosphohpid (36) Neutral fat, when extracted L* i 
by procedures which destroy its mfectivity, is soluble m ether and 
by hpase, therefore, the failure of these procedures to diminis h 
mtact elementarj’^ bodies indicates that fat is probably ^ ■ 
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in the TITUS (36) Whether neutral fat and phosphohpid are mvolved m the 
hnutmg membrane which encases the particle and which may be responsible for 
its response to osmotic mfluences remains to be determmed 

Morphological Structure of Elementary Bodies Recent electron micrographs 
of elementary bodies of vaccmia (30) have added much to our understandmg of 
the structure of the virus Exammed imder the proper conditions the bodies show 
SIX rectangular plane surfaces so arranged that the three-dimensional shape is more 
bnck-hke than cuboidal The particles possess five areas of condensation which 
appear darker than the surroundmg substance m the electron micrographs The 
centrally placed area of condensation is larger than the four areas of approxi- 
mately equal size situated around it An electron micrograph of elementary 
bodies vaguely suggests a group of five-spotted dice Particles with a similar 
external shape and mtemal structure are not encountered m control matenals 
Furthermore, the areas of condensation apparently represent natural phenomena 
smce they are found under vanous conditions of drymg, mcludmg dehydration 
from the frozen state It should be pomted out that elementary bodies readily 
adsorb protem substances on their surfaces (42, 93) and if these are not removed 
immediately before films of virus are prepared for electron rmcrography, different 
results are obtained Thus, inadequately washed virus particles appear oval in 
outhne and are of homogeneous density (30) like those first observed by this 
micrographic techmque (123) Specific antibody, unlike other adsorbed serum 
proteins, is tightly held even after careful wadimg Therefore, such treated 
particles are also oval and without visible areas of condensation m the micro- 
graphs (30) 

Swelhng and rupture of elementary bodies treated with alkah are readily 
demonstrated by electron micrography (30) After short exposure to dilute 
sodium hydroxide the bodies are larger than normal and more nearly round m 
outhne Moreover, the areas of condensation stand out prommently smce the 
surroundmg substance is less dense than usual Treatment with stronger alkah, 
such as IS used to extract the nucleoprotem antigen from elementary bodies 
(101), completely lakes the bodies Electron micrographs now show particles 
with irregular fuzzy outhnes that frequently have wedge-shaped gaps which 
pomt m toward their centers The background substance and the areas of con- 
densation are much less dense than normal m the laked particles and m some 
pictures the mtemal substance has been caught m the act of streammg from the 
breaks m the surfaces of the bodies Such observations as these clearly mdicate 
that elementary bodies of vaccmia have a characteristic morphological structure, 
that they are capable of swelhng, and that their mtemal substance may leak 
out from breaks m then- surfaces Figures 1 to 3 (Plate 1) represent reproduc- 
tions of electron micrographs of elementary bodies of vaccmia The stmcture of 
active vuus particles is illustrated m figure 1, while figures 2 and 3 demonstrate 
the changes produced m the bodies by aJkalme treatment 

The morphological stmcture of vaccmia is sunilar m many respects to that of 
bactena (67, 123) and different from that of plant viruses (2) The nature of 
the areas of condensation found m many bactena is not known but they may 
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contain chromatin (65) In the realm of pure speculation it is amusmg to connect 
the areas of condensation m elementary bodies with the observation of Lea and 
Salaman (51) on mactivation of the virus by radiation These workers per- 
formed experiments of the type employed by geneticists and concluded that the 
virus possessed genes Furthermore they say, “The genes are not present in a 
compact mass, but are either dispersed throughout the particle, or are confined 
to a nucleus of a diameter at least half that of the particle ” The areas of con- 
densation seen m the electron micrographs make up an appreciable part of the 
elementary body 

Summary of Physical Properties of Elementary Bodies The virus of vaccmia 
IS one of the largest members of the group of viruses, mdeed, the elementary 
body approaches the size of nckettsia and the smallest bactena (for a scale of 
comparative diameters see (113)) Elementary bodies have a bnck-like shape 
with several areas of mtemal condensation Hence, their morphological struc- 
ture resembles that of bactena more closely than plant viruses The density of 
vaccme vinis is somewhat greater than that of bactena but considerably less 
than that of proteins Elementary bodies have a hmitmg surface structure 
which contams protem matenals and perhaps hpoprotem as weU The virus 
particles respond to osmotic mfluences m a manner analogous to erythrocytes 

THE CHEJUCAL NATXJEE OF ELEMENTABY BODIES OF VACCINIA 

Kotwithstandmg an imposmg array of facts concemmg the chemical and 
physical nature of viruses which has been made available m lecent years, mem- 
bers of this important group of disease-producmg entities contmue to be recog- 
nized almost wholly by their biological and immunological activity In the 
forty years pnoi to 1935, dunng which time the filterable nature of viruses was 
knovm, these agents have been vanously considered as invisible, mvolutional 
forms of oidinaiy bactena and protozoa, as toxins, enzymes, or end-products of 
cell metabohsm, and as new and uncharactenzed types of mvisible hvmg agents 

In 1935, Stanley (111) and shortly thereafter, Bawden and cowoikers (3) 
isolated a macromolecular, para-cr> stallme nucleoprotein from diseased tobacco 
plants vhich possessed all the properties of the disease-producing agent This 
report v as followed quickly by others on the isolation of macromolecular nucleo- 
protems associated VTth the disease-producmg agents of aucuba mosaic (113), 
rabbit papilloma (5), bushy stunt of tomato (3), chicken tumor (9), and staphylo- 
coccus bactenophage (69) The expenments of Claude (10), however, m isolat- 
ing from normal chick embryo a macromolecular nucleoprotein chemically in- 
distinguishable from the tumor-producing agent, and the expenments of 
Kalmanson and Bronfenbrenner on the non-nucleoprotein nature of bacten- 
ophage (46), have ser\fed to temper mth some caution the ready acceptance of 
emdence thus far produced that manj-- of these substances represent virus m its 
true state In certain mstances, however, the evidence that the agent has been 
secured in pure state is unequivocal, and the matenal meets the most ngid stand- 
ards for puntj and homogeneity 

At the moment, the problems facing the orker in virus chemistry are those 
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which face all investigators of the structure and properties of protoplasm To 
the enzyme chemist there is much m viral agents to remmd hun of enzgrmes, 
to the chemist concerned with hormones and toxins there is much m the inherent 
properties of viruses to remmd him of these substances Moreover, to the 
chemist workmg with genes and other active constituents of protoplasm, there is 
the almost virgmaJ field of protoplasmic structure as related to propagation and 
mutation, two of the most apparent properties of viral agents 
Of the animal viruses which have been concentrated by chemical and physical 
means dunng the past few years, only one, the virus of vaccima can lay much 
claim to punty 'With respect to preparations of elementary bodies, catena of 
punty other than those of centn^gal and electncal homogeneity have been 
sought Elementary analyses, although mcapable of fine differentiation, do 
mdicate, however, that while material discarded at simil ar stages m the centrif- 
ugal concentration of the virus may differ markedly from lot to lot, a final 
product IS obtamed which upon analysis agrees closely with other lots of virus 
prepared m the same manner Wben this stage of punty is reached, further 
washmg and centrifugation do not alter materially the analysis of these elemen- 
tary constituents Other cntena of punty, such as crystallization and phase 
rule, procedures and techniques which were of such significance m estabhshmg 
the punty of tobacco mosaic virus, are at the moment mapphcable to vaccme 
virus, the umts of which are of the order of 250 mju m size, and extremely m- 
soluble m all but the most drastic reagents 

Basic Analysis of Purified Vaccine Virus In 1935, Hughes, Parker and 
Rivers (43) performed certain prehmmaiy analyses which mdicated that elemen- 
tary bodies of vaccmia possessed, m the mam, the constituents of ordmary 
protoplasm, namely, mtrogen, fat, and ash Further studies were not done 
at that tune, however, because the punty of the preparations was a matter of 
some doubt Hoagland, Smadel and Rivers (36) have smce confirmed and ex- 
tended these analyses, findmg a somewhat greater quantity of mtrogen and 
smaller quantities of hpid Values for the basic constituents of elementary 
bodies of vaccima are listed m table 1 These mclude analyses for mtrogen, 
phosphorus, hpids and carbohydrates on eleven lots of purified virus with high 
infective titers and high ratios between infective umts and number of elementary 
bodies 

Analyses for basic constituents show but few important differences between 
elementary bodies of vaccuua and certam of the purified plant viruses Actually, 
there is more variation m the elementary analj'ses among the mdiiudual plant 
viruses than exists, for instance, between the elemental^'’ bodies of vaccima and 
tobacco-mosaic virus Stanley’s tobacco-mosaic virus contams carbon 50 per 
cent, hydrogen 7 per cent, mtrogen 16 per cent, sulfur 0^ per cent and phos- 
phorus 0 6 per cent (114), values which are a near approximation to analjdical 
data obtamed for vaccme Mrus (36) Tobacco nng spot mrus, on the other 
hand, contams almost 4 per cent of phosphorus There is no hpid m crj'stallme 
tobacco nrus, ■while preparations of elementary bodies regularly contam 5 to 
per cent hpid It is ■when comparisons of constituents, as opposed to elemen 
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chemical analyses, axe made that certam very important differences between 
elementary bodies of vaccima and tobacco-mosaic virus emerge 
The Nature of the Lipids in Elementary Bodies Data on the total hpid as well 
as on the amounts of neutral fat, phosphohpid and cholesterol m preparations 
of elementary bodies axe summanzed m table 1 Chol^terol apparently occurs 
m the unestenfied form (36) and may be simply adsorbed on the surface of the 
virus for it is readily removed by extraction with ethyl ether (36, 63), a pro- 
cedure which does not mactivate the virus Neutral fat and phosphohpid are 
not decreased by such treatment, however, these hpids are extracted from 
elementary bodies by mixtures of alcohol and ether This more drastic mampu- 

TABLE 1 


Analyses of eletnentary bodies of vaccinia 


LOT 

1 

lU CB 
SATIO' 

PH03 j 

pHOBua 

1 

TOTAL 

KTTROOEN 


EEDOONO 
EUGAi&S ATTCa 
HYDTOLYSlst 

Total 

Upid 

Cholea- 

teiol 

Phoapho- 

Upld 

Neutral 

fat 



fer cent 

per cent 

Per cent 

per cent 

per cent 

pet cent 

per cent 

46 

17 6 

0 69 

16 3 

5 1 

1 1 

2 1 

1 9 

3 0 

47 

1 8 8 

0 69 

16 6 

6 1 

2 2 

1 8 

2 1 

2 3 

48 

12 7 

0 60 

16 1 

6 0 

1 1 

2 0 

1 9 

3 2 

63 

1 4 7 

0 68 

15 6 

6 0 

1 0 

2 2 

1 8 

2 0 

55 

1 3 0 

0 49 

16 3 

4 3 

1 0 

1 7 

1 6 

2 6 

66 

1 3 7 

0 69 

14 8 

6 1 

1 2 

1 2 6 

2 4 

3 5 

57 

19 2 

0 68 

15 2 

6 3 

1 1 

1 2 2 

2 0 

3 0 

68 

Not done ' 

0 57 

16 2 

1 4 9 

1 0 

1 9 

2 0 

3 1 

66 

14 2 

0 69 

14 9 

8 1 

2 1 

2 8 

3 2 

2 6 

69 

1 3 7 

0 62 

16 4 

6 6 

1 8 

2 1 

2 6 

2 3 

70 

1 1 6 

0 57 

16 5 

6 2 

2 0 

2 6 

1 7 

3 6 

Average j 

14 9 

1 * 

0 57 

15 3 

5 7 

1 4 

2 2 

2 2 

2 8 


Values of all chemical analyses are expressed as per cent of dry weight 
• lU EB = ratio between infective umt and number of elementary bodies 
t Expressed as glucose 

Data reported by Hoagland, Smadel, and Rivers (36) 

lation mactivates the virus but whether loss of mfectivity occurs from with- 
drawal of these hpids or from some j other action of alcohol cannot be stated 
(36, 63) Further studies m the attempt to estimate the sigruficance of neutral 
fat m the preparations of virus were made by Hoagland, Smadel and Rivers 
(36) by means of enzymatic digestion Partially purified pancreatic hpase 
failed to hydrolyze the neutral fat m preparations of active elementary bodies, 
but this same enzyme readily digested the fat after it had been extracted from 
the virus by alcohol and ether This observation mdicates that the neutral fat 
present m preparations of active virus is bound m some maimer so that it is m- 
capable of bemg hydrolyzed by hpase Furthermore, it strongly suggests that 
the neutral fat is an essential constituent of the elementary body m contrast to 
cholesterol which may be an extraneous substance earned over from the host 
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tissue Conclusive evidence regarding the importance of phosphohpid m tiie 
economy of the virus is not at hand but the available data suggest that phos- 
phobpid, like neutral fat, is a constituent of the elementary body (36) 
Considerable mterest has been aroused by the lipid of the elementary body 
because lE hpid is an mtegral part of this virus, then the molecular concept of 
viruses cannot be apphed to the agent causmg vaccmia Of course the virus 
might still be assumed to be a complex hpoprotem macromolecule but such an 
assumption would rob the term “molecule” of much of its inherent meanmg 
The Nudeic Acid of Elemeniaty Bodies Nucleic acid has been one of the 
most important constituents of viruses thus far studied With the possible ex- 
ception of the cohphage isolated by Kalmanson and Bronfenbrenner (46) no 
viral agents have been obtamed which are free of nucleic acid Even m the 
purified cohphage, the minute trace of phosphorus present may conceivably have 
come from nucleic acid, although these workers consider it a very remote pos- 
sibihty Otherwise, viral agents may contam as much as 40 per cent of this 
“common denominator” substance 

Smadel, Lavm and Dubos have shown that with dilute sodium hydroxide there 
could be extracted from elementary bodies of vaccmia a matenal givmg a positive 
Feulgen reaction, mdicatmg the presence of th 3 Tnus nucleic acid (97) Follow- 
mg this prehminary report, Hoagland, Lavm, Smadel and Rivers were able to 
isolate and characterise this substance as thymus nucleic acid by an anal}^ of 
its component parts (37) From 600 mg of elementary bodies approximately 
15 mg of pure nucleic acid were isolated This substance gave an elementary 
anaJysiB comparable to that calculated for a tetra-nucleotide It gave a strongly 
positive Feulgen reaction and an mtense blue color with diphenylamme Crys- 
talhne adenme and guamne were recovered from the matenal, and a quahtative 
test for thymme with o-ammo-benzaldehyde was positive The ultraviolet ab- 
sorption spectrum was characteristic of nucleic acid 
Further evidence that the nucleic acid of elementary bodies is of the th)Tnus 
type 18 evident from studies on its resistance to nbonuclease (37) Ciystalhne 
nbonuclease, shown to be active m the depol 3 anenzation of yeast nucleic acid 
was mactive when mcubated with nucleic acid isolated from elementary bodies 
of vaccmia The shght amount of depolymenzation which seemed to occur 
regularly may have been referable only to some spontaneous change m the 
nucleic acid m the presence of buffer, or to the presence of traces of nbonuclac 
acid m the preparation The negative Bial’s test on the matenal, however 
mdicated that no more than a trace of nbonucleic acid was present, if any at all 
It must be remembered, however, that nbonucleic acid is more soluble than the 
thymus vanety, and small amounts, if ongmally present, may have been re- 
moved by the repeated washmgs employed m the preparation of the virus 
The stable blue color produced by diphenylamme with thymonucleic acid m 
the presence of glacial acetic and sulfunc acids, can be obtamed with elementary 
bodies of vaccmia without prehmmary isolation of the nucleic acid, if cr 3 '^stalhne 
pepsm IS used to digest away the protem portion of the elementary’’ body Com- 
panson of the color produced by elementary bodies and diphenylamme reagent 
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With that produced by c p thymonucleic acid shows that the elementaiy body 
contains an average of 5 6 per cent nucleic acid This compares favorably with 
the value for nucleic acid calculated from the non-hpid organically bound phos- 
phorus m the whole elementary body 

In tobacco-mosaic virus, the nucleic acid seems to exist as a conjugated nucleo- 
protem and together with the protem accounts for the entire virus molecule 
In the elementary body, the picture is comphcated by the presence of a number 
of other constituents to be descnbed later which m character and concentration 
are very similar to those of ordinary protoplasm 

Lonng (56) has shown by cheimcal isolation of guanine, cytosme, aderune, 
and undyhc acid that the nucleic acid from tobacco-mosaic vims belongs to the 
group of nbo- or yeast-nucleic acids, although it differs m certam respects from 
all known nucleic acids The evidence that the nucleic acid from vaccme virus 
belongs to the desoxynbose or th 3 nmo-nucleic acid group is equally good 
Whether this is an important difference between animal and plant viruses can- 
not be stated smce the work of Claude has shown that the nucleic acid from his 
chicken tumor agent is of the yeast variety (9) Recent work by Claude (11) 
however, shows that m his matenal thynmo-nucleic acid may also be present m 
small amounts It may be added that studies on the nucleic acid of the chicken 
tumor VITUS can by no means be regarded as final until a higher degree of purifica- 
tion of this matenal has been achieved 

With respect to the protem component of vaccme virus, particularly with 
reference to the ammo acid constituents, no important work has yet been done 
The mmute amounts of virus obtainable make work of this nature exceedmgly 
costly and forbiddmgly difficult Knight and Stanley (48), however, have been 
able to do some very cntical work on the isolation and study of the ammo acid 
components of tobacco-mosaic virus Ammo acids isolated thus far from this 
virus mclude arginme, aspartic acid, cysteme, glutamic acid, leucme, lysme, 
phenylalanine, prohne, serme, tryosme, and tryptophane Alamne, lustidme, 
and glycme appear to be absent or to occur m amounts too small to be detected 
Future work may reveal certam important differences between the ammo acid 
constituents of different strains of the virus Pr elimin ary results obtamed by 
Knight and Stanley have already mdicated that specific differences m the ammo 
acid content of closely related strains of the plant viruses do occur (48) 

The Effect of Proteolytic Enzymes on Elementary Bodies One property of 
vaccme virus which makes work on its constituents exceedmgly difficult is its 
extreme msolubihty m all but the most drastic reagents Extensive studies on 
the physical properties of the elementary body of vaccmm, its resistance to 
autolysis and its mamtenance of mtact structure, even after months of storage 
m the cold, have revealed a stabihty not shared by most other animal vmises 
Merrill (64) has mdicated a remarkable resistance of the elementary body to 
pure proteolytic enzymes An explanation of the lethal effects of proteol 3 dic 
enz 3 Tnes for elementary bodies of vaccmia reported by earher workers is sug- 
gested by the studies of Antomette Pine (80) who showed that traces of fatty 
acids con tamed m commercial pancreatm preparations are exceedmgly virucidal. 
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these fatty acids may have accounted for the effects which had been previously 
attnbuted to the enzymes themselves 

Hoagland, Ward, Smadel and Rivers (38) m order to learn somethmg of the 
more labile constituents of the purified virus, turned to a survey of the effects of 
vanous proteolytic enzymes m the hope that some means im^t be found for 
puttmg the virus mto solution without destruction of the heat- and alkah-labile 
components In the hands of these workers, no immediate effects of crystalhne 
trypsm, chymotrypsm, or carboxypeptidase on the elementary body of vaccima 
could be demonstrated at ph 3 rBiological pH and temperature Purified cathepsm 
was likewise meffective Pepsm, at a pH which m itself mactivated the virus, 
resulted m a rapid release of free ammo mtrogen 

In view of the close association between vaccme virus and host cells, it would 
seem that plant enzymes might more logically be expected to effect proteolysis 
With this m mmd a survey of the effects of plant proteolytic enzymes on vaccme 
virus was made, with ammo mtrogen determmations performed as a check on 
hydrolysis and with simultaneous studies on infectivity and staining reaction 
Papam, m contrast to the animal proteolytic enzymes, after a short tune effected 
starthng changes m the elementary body, and withm two hours the infectivity 
of the virus had totally disappeared Papam, activated with cyamde, produced 
almost simultaneously four important changes m the elementary body 1 
Structural dismtegration, as revealed by Morosow’s staan, 2 Destruction of 
infectivity as revealed by animal moculation of the partially hydrolyzed mate- 
nal , 3 Loss of antigemcity as revealed by the failure of the partially hydrolyzed 
matenal to be precipitated with hyperimmune sera produced by moculation of 
mtact elementary bodies, 4 Release of free ammo groups measurable with 
mtrous acid That the lethal effect of papam is on the native vims proper and 
not an mdirect effect on the cells of the host is shown by the mfectivity of virus- 
papam mixtures before and up to two hours after mcubation with the 
enzyme (38) 

No conclusions with respect to the “hvmg” or “non-hvmg” nature of the 
elementary body can be drawn from the experiments with proteolytic enz 3 mes 
smce both viable and non-viable protoplasm may be attacked by plant 
proteolytic enzymes Thus, certam annehds undergo decomposition m ficm 
solutions (87), and recently digestion of the hvmg cornea has been reported to 
occur from ficm apphed to the eyes of rabbits (65) Crystalhne ficm has no 
demonstrable effect on elementarj’’ bodies of vaccinia (38) Whether cmde 
ficm, which IS beheved to be a mixture of proteol 3 rtic enzymes, would have been 
effective was not detenmned 

Biological Catalysts in Vaccine Virus The foregomg studies, although m- 
complete m certam respects, have mdicated a complexity m the stmcture of 
vaccme virus which is not shared by simpler viruses of plant ongm While 
interestmg, it is doubtful whether contmuation of this mode of attack would 
jneld sufficient information at this stage of our knowledge of animal viruses to 
justif}’’ the expenditure of time and of the relatively enormous quantities of 
costly nrus needed for a stnctly orgamc chemical mvestigation Accordmgly 
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we may turn to studies designed more along the Ime of a phymological approach, 
attemptmg to examine some of the notions which have been advanced concerning 
virus metabolism Does the virus depend partially or wholly for its substrate 
on the animal host cell, or does it possess fragments of rudimentary metabohc 
systems? 

One of the most attractive of the notions havmg to do with the metabohsm of 
vaccme virus is the hypothesis that, as an obhgate parasite, it may possess only a 
portion of the enzyme and respiratory systems necessary for its survival, reljnng 
m the mam upon its mtraceUular environment for complementary systems which 
enable it to multiply within the host cell (40) Certainly the size and the chemi- 
cal and antigemc complexity of the elementary body, which make it resemble m 
some respects mmute bacteria, make this hypothesis tenable 

Parker and Smythe (76) performed certam experiments which were mterpreted 
as showmg that the elementary body did not possess an mdependent metabolism, 
masmuch as no oxygen utilization or acid production could be demonstrated by 
the virus m the presence of hexosephosphate and "respiratory factor" from red 
blood cells Much has been learned about respiratory sj^stems smce then, and 
it IS clear that these mitial studies must be greatly extended before negative 
conclusions concemmg the respiration of elementary bodies can be safely drawn 

Recent observations of Warburg, Krebs, Keihn and others (29) have demon- 
strated that while any one, or more than one, of a multiphcity of dehydrogenases 
may participate m a cellular respiratory reaction-cham, certam well-defined 
organic catalysts withm the cell take up key positions m the system of energy 
exchange which begins with the oxidation of substrate and ends m the reduction 
of molecular oxygen Of these catal 3 rtic systems, flavm-adenme-dmucleotide, 
the diphosphopyndme and tnphosphopyndme nucleotides, and cytochrome play 
important and fairly well-understood roles In other words, these catalysts may 
be said to act as channels m a cellular oxidation-reduction cham for the transfer 
of hydrogen from an oxidizable substrate to molecular oxygen, with the forma- 
tion of water or peroxides 

If the hypothesis that the elementaiy body may contam a partial respiration 
system is warranted, it is obviously simpler experimentally to look for members 
of these well-defined catalytic substances than to search for dehydrogenase func- 
tion by means of specific substrate reactions Lakewise, these systems repre- 
sent stages m the enzymatic degradation of substrates where large quantities of 
free energy may be released and rendered available for virus synthesis 

With these ideas m mmd, Hoagland, Ward, Smadel and Rivers (40) undertook 
a systematic search for certam of these catalytic substances m purified elemen- 
tary bodies of vaccmia, beginning with c 3 ^chrome c Respiration m aerobic 
organisms is known to go m part, if not chiefly, through the cytochrome system 
which acts as a reversible oxidation-reduction hnk between oxygen and certam 
enzyme systems which have become reduced m the process of oxidation of cell 
substrates So far as it is now known, aU cells that are able to use molecular 
oxygen contam one or more members of a group of protem porphyrins with iron 
m tetra-p 3 aTohc combmation These substances, known collectively as the cy- 
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tochromes, have been shown to participate m reversible oxidation-reduction 
processes within the ceU Spectroscopic observations made on numerous speci- 
mens of virus failed to reveal, m the presence of suitable reducmg agents, the 
bauds of cytochrome m the visible or ultra-violet region of the spectrum Al- 
though spectroscopic methods are extremely sensitive m the detection of re- 
duced cytochrome, as shown m Keihn’s classical studies, it was entirely possible 
that the opalescence of the virus suspension had masked faint bands of cyto- 
chrome In order to check this pomt a potent cyrtochrome oxidase was pre- 
pared from beef heart, according to the method of Kedin, and set up with vaccme 
VITUS m the presence of several suitable hydrogen donators, such as hydro- 
qmnone and p-phenylenediamme No appreciable oxygen uptake over controls 
was noted m a system of virus, cytochrome oxidase and p-phenylenediannne, 
although the enzyme was extremely active m the oxidation of pure cjdochrome 
c preparations m the presence of the enzyme and the same hydrogen donators 
Durmg attempts to demonstrate cytochrome activity of the elementary bodies 
these authors noted that alkahne solutions of vaccme virus gave an mtense 
fluorescence m the presence of ultraviolet hght, and furthermore, that this fluor- 
escence could be demonstrated with proper filters to be maximum around 3500 
A Increased alkahmzation and heat caused this fluorescence to disappear 
Likewise, solutions standmg m strong hght tended to lose their fluorescence and 
regam it upon standmg m the dark It was apparent that this pecuhar behavior 
could be accounted for if the fluorescent material were a flavm compound — a sub- 
stance which IS ]ust below cytochrome m the senes of known cellular catalysts 
arranged m order of their descendmg oxidation-reduction potentials 
A fraction which earned the major portion of the fluorescent substance of the 
virus was dissociated from the virus by treatment with heat and 50 per cent al- 
cohol at pH 4 Prehmmary studies on this fluorescent matenal showed that it 
had certam physical and chemical properties m common with nboflavm, how- 
ever, the substance could not be obtamed m sufficient quantities or m a suffi- 
ciently pure state for identification by direct means Recourse to two mdirect 
methods of identification enabled Hoagland, Ward, Smadel and Rivers (41) to 
estabhsh the flavm nature of this fluorescent matenal One of these methods 
was Krebs’ techmque for the estimation of flavm-adenme-dmucleotide by means 
of the protem of d-ammo acid oxidase (49), and the other was the microbiological 
assay for nboflavm of Snell and Strong (106) which employs LactobacUliis casei 
E By means of the latter teclmique preparations of punfied nnis were shown 
to contam between 1 1 and 1 5 mg of nboflaim per 100 g of matenal This 
amount is comparable to that present m muscle and m some bactena but is dis- 
tmctly lower than that m most yeasts (41) 

All attempts to remove the flavm by means which did not inactivate the 
failed, namely, by repeated washmg with buffers rangmg from pH 6 
filtration by means of the Coohdge apparatus, or electrodialysis 
fiann could be remoi^Jbj’’ means of heat and alcohol at pH 
are known to dissu ■’*^n-adenme-dmucleotide u 
nent (41) ^ 
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The demonstration that preparations of elementary bodies of vaccinia contam 
constant amounts of flavm-adenme-dmucleotide is mterestmg, but proof is still 
lackmg that this substance is an mtegral part of the elementary body and that it 
functions m the metabolism of the virus If one assumes for the moment that 
flavm IS a constituent of the virus then the flavm might be thought of as part of 
the catalytic system of the virus which enables it to divert energy for its own 
needs from the oxidation-reduction chams of the host cell No experimental 
evidence can be offered for such an hypothesis but it may be useful as an idea on 
which to base the search for additional components of this enzyme system and of 
other systems m the virus m the hope of gammg a fuller understandmg of me- 
tabolism of the virus 

The Presence of Bwhn vn Elementary Bodies of Vaccinia Biotm is among the 
important factors which play a major role m bacterial metabohsm, particularly m 
the metabohsm of anaerobes This substance has taken on renewed mterest 
lately because of its identification with coenzyme R (1), a factor required by 
many bacteria, and with vitanun H (21), an essential substance for mammals 
which IS neutrahzed by raw egg-white It is perhaps the most active catalytic 
substance known and can be detected as a growth stimulant to yeast and certam 
bacteria m amounts of the order of 10~® micrograms 

By a techmque similar to that described by McDaniel, Woolley and Peterson 
(61), Hoagland, Ward, Smadel and Rivers (39) have shown that elementary 
bodies of vaccrma contam relatively large quantities of a substance capable of 
stimulatmg the growth of Clostridium butylicum m a medium devoid only of 
biotm Moreover, partial hydrolysis of the vims by 4N sulfuric acid or by 
normal alkah gives rise to mcreased quantities of the substance, which on the 
basis of studies similar to those made on hver, egg yolk, etc is beheved to be biotm 
(105) Although elementary bodies alone, with no other treatment except auto- 
clavmg m a synthetic medium pnor to moculation with organisms, yield fair 
amounts of the growth factor for Clostridium buiylicum, partial hydrolysis by 
acid or alkah renders a marked mcrease of the amount available This ob- 
served mcrease m biotm content is probably analogous to the greater yield of 
biotm noted by Gyorgy m vitamin H foUowmg acid hydrolysis 

The Metal Component of Elementary Bodies of Vaccinia The discovery that 
purified elementary bodies of vaccmia contam relatively large amounts of copper 
came about through a search for a possible cytochrome component (40) In the 
process of trymg a variety of substances as hydrogen donators, it was observed 
that a relatively enormous oxygen uptake could be demonstrated m the Warburg 
vessel when vaccme virus was mixed with cysteme The reaction was completely 
blocked by 0 005 molar potassium cyamde, but was unchecked by a, a'-dipy- 
ndyl, a fact which rules out the presence of iron catalysts The effectiveness of 
certam inhibitors, such as diethyl-dithiocarbsimate, mdicated that the catalytic 
substance was copper This was confirmed by emission spectra obtamed from 
the dry vims Scmpulous care, exercised m the preparation of vnus and m the 
selection of copper-free reagents, produced no d imin ution m the copper content 
of 0 05 per cent Moreover, electrodialysis over a pH range from 6 to 10 for 24 
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hours failed to remove any part of this element Smce m no instance could steps 
m the method of purification of the virus be shown to be responsible for the m- 
troduction of the copper, and smce it was not possible to remove it by electro- 
dialysis, ultrafiltration, or repeated washmg, it may be regarded at the moment 
as a component ather bound or closely associated with the virus particle 

The emission spectrum of vaccme virus, aside from fumishmg unequivocal 
proof of the presence of copper, has been helpful m estabhshmg the purity of 
elementary body preparations (40) Crude virus can be shown by emission 
spectra to contam a number of metalhc compounds These mclude iron, man- 
ganese, magnesium and zmc m considerable amounts As purification proceeds, 
however, all detectable traces of metals other than copper disappear In the 
final virus product no traces of other metals can be demonstrated on as much as 
20 milligrams of dry virus Copper, however, is concentrated at least 25-fold 

The experimental evidence clearly warrants the assumption that copper is an 
integral part of the virus and that it is closely bound with some constituent of the 
elementary body The function of copper m the virus has not been determmed 
but it is temptmg to speculate on the possibihty that this element is bound to a 
protem component of the virus and serves as an oxidation catalyst m the respira- 
tory activity of the elementary body, polyphenol oxidase and tsonsmase are 
known examples of copper-protem combmations with enzymatic activity 

The Nature of the Enzymes Associated mih Elrnicniary Bodies of Vaccima 
Macfarlane and Salaman (60) have reported the presence of phosphatase, and 
catalase m elementary bodies of vaccinia, but they were unable to demonstrate 
dehydrogenase activity, althou^ the reaction with a variety of substrates was 
studied They found vaccme virus to lack zymohexase, enolase, glucomdase, 
and nucleosidase Both phosphomonoesterase and phospho-diesterase were 
present, as well as nbonuclease Fresh virus preparations were also found to 
possess an enzyme which produced a rapid hydrolysis of muscle adenyhc acid 
(59) The assumption by these authors that the enzyme activity of them virus 
preparations was due to the virus and not to tissue contaminants was based on 
the observation that certam of these enzymes were concentrated durmg the 
process of purification, while others, such as the dehydrogenases, which were 
present m high titer m the tissues and cell fragments from which the virus was 
separated, were absent from the final virus product These authors considered 
the possibihty that the presence of these enzymes may have been due to surface 
adsorption, but dismissed the idea because frequent washings failed to elute 
them 

Hoagland, Ward, Smadel and Rivers (42) have repeated certam of the studies 
of Macfarlane and Salaman, and have extended them to other enzymes which are 
found m the host tissues from which the virus is prepared, and which might, 
therefore, be associated with the purified virus At the same time, tests were 
made of the adsorptive capacity of elementary bodies for these enzymes Ele- 
mentary bodies on which the titer of phosphatase had been determmed, we 
suspended m a dilute solution of purified phosphatase for 1 hour at 20°C 
Was recovered by centrifugation and washed until the supema 
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waters no longer gave a test for phosphatase, at which tune the virus was retested 
for phosphatase activity A three-fold increase m activity was exhibited by the 
phosphatase-treated virus Similar experiments were performed with catalase 
and hpase The mcrease m catalase activity was too great to be measured ac- 
curately, and the hpase titer of the virus was found to have mcreased 10- to 15- 
fold Although it has not been possible to design experiments which prove that 
the enzjanes found m the punfied virus are adsorbed from the tissue and cell 
fragments from which the virus is prepared, the fact that the virus wiU take up 
large quantities of certam enzymes from dilute solution makes a strong case for 
the adsorption hypothesis Dehydrogenases, which occur m cells generally, and 
which might therefore be expected to appear as contammants, seem to be absent 
from the punfied virus K present imtitaJly, the labihty of these enzymes might 
well preclude their survivmg the several steps employed m the purification of the 
virus Until methods can be devised which are capable of distmguishmg be- 
tween enzymes which represent an mtegral part of the virus and those which exist 
as host contaminants, it would seem that the problem of enzymes m punfied 
animal viruses is impossible of solution 

Summary of Chemtcal Constiluenis of Elementary Bodies and of the Enzymes 
Associated with Them A study of the chermcal constituents shows that ele- 
mentaiy bodies of vaccmia, unlike the crystaUme plant viruses, are complex 
entities, and that they contam many of the constituents of ordmary protoplasm, 
and m concentrations which do not chdBier materially from those found m the host 
tissues Among the substances which seem to be mtegral, or at least closely as- 
sociated components of the elementary body are nucleoprotem, fat, carbohydrate, 
copper, flavm and biotm The presence of these last three constituents would 
mdicate that some rudimentary system of respuation for this particular virus 
may exist although no substrate capable of sustamed activation by these cataly- 
tic substances has been found It must be borne m mmd, moreover, that as yet 
no enzyme protem (such as phosphatase, catalase or hpase) has been found m 
punfied elementary bodies which is not at the same time a known constituent of 
host tissue, and the presence of which might not be accounted for on the basis of 
its havmg been adsorbed from the host cells 

ANTIGENS OF VACCINIA 

Many of the important immunological facts m the vanola-vaccme problem 
were established long before the nature of those infectious agents was understood 
For example, our mam mterest m the subject of vaccmia stems from Jeimer’s 
report (44) m 1798 of the protection of human bemgs against vanola by a pre- 
vious infection with the virus of cowpox In addition, Raynaud (1877) demon- 
strated that immunity to vaccmia is passively transferred by convalescent serum 
(84) and Sternberg (1892) showed that such serum is capable of inactivatmg the 
\Trus in vitro (117) Furthermore, Tanaka (1902) and Jobhng (1906) found that 
antiserum flocculates preparations of virus (119) and fixes complement m its 
presence (45) Gordon (27) did much to brmg order out of the confusion that 
axisted-pnor to 1925 regardmg the flocculation and complement-fixation reac- 
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tions m this disease Recent observations made on highly purified matenaJs 
have lUununated many aspects of the problem of the antigens of vaccme, how- 
ever, the most important phase, t e , that de alin g with the antigen or antigens 
responsible for the development of immunity and neutrahzmg antibody, has been 
advanced relatively httle durmg the past decade 

The virus of vaccmia contains a number of antigemc substances which ehcit the 
production of specific antibodies m hypenmmune ammals Gordon’s early 
observation (27) on immune serum which dealt with the lack of correlation be- 
tween neutrahzmg substances and antibodies capable of flocculatmg or fixmg 
complement with his crude preparation of virus suggested the presence of more 
than one antigen Craigie and Wishart established the existence of a heat- 
labile (L) and heat-stable (S) soluble substance which occur m combmation 
(LS) and are found on the surface of the elementary body as weU as m solution 
free from the virus (17) These same workers also showed that another antigen, 
the agglutmogen X, makes up part of the surface mosaic of the virus (19) More 
recently, Smadel, Rivers and Hoagland (101) have extracted a nucleoprotem 
antigen (NP) from the virus A discussion of the antigens of vaccima will be 
simplified if it IS emphasized at once that LS (73) and NP (101) are not capable of 
mducmg the production of appreciable resistance or of significant amounts of 
neutrahzmg antibody m normal rabbits mjected with them On the other hand, 
antibody agamst L, S, NP or X is capable of agglutmatmg the vims (14, 19, 101) 
A bnef discussion of the more important properties of each of the antigens of 
vaccmia follows 

LS-ArUigen The mtimate association of the heat-labile and heat-stable 
soluble substances of vaccmia was recognized by Craigie and Wishart (18) 
These workers demonstrated that L- and S-antibodies are separate antibodies 
but that the absorption of preparations nch m L- and S-antigen with either anti- 
body removes both antigemc substances Their mterpretation of these observa- 
tions, namely, that L and S are different antigemc components of a complex LS- 
antigen, has been substantiated by Shedlovsky and Smadel (94) who found that 
a smgle protem molecule possesses all of the serological properties of L- and S- 
antigen LS-antigen is specific for vanola-vaccmia virus It is found m ma- 
terial prepared from human vanolar cmsts (16), and from egg membranes 
infected with the virus of vanola (50), furthermore, it occurs m vaccmal mfected 
tissue obtamed from the calf, rabbit, gumea pig (15) and egg membrane (104) 
LS-antigen derived from the vanous sources is mdistmgmshable by serological 
methods The presence of this substance m other closely related pox diseases 
e g , alastnm, horse pox, etc , remains to be detennmed Craigie’s opmion that 
the soluble antigen of vaccima is directly elaborated by the virus and thus anal- 
ogous to bactenal antigens (13) has seemed reasonable to us (104), but it has 
been questioned by others (90) LS-antigen and its antibodies are the sub- 
stances pnncipally mvolved m serological techmques emploj'ed for diagnosis 
of human vaccmia and vanola (16) 

The isolation of pure LS-protem (94) bos made it possible to establish the sero- 
logical, chemical and phj^cal properties of this substance with considera^jic- 
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curacy The instabihty of the L-portion of the antigen delayed the acquisition 
of knowledge concerning its nature Nevertheless, Craigie and Wishart (18) 
developed a satisfactory method for concentratmg LS-antigen, and Parker and 
Rivers (75) were able to obtam S-antigen (now designated L'S] in a highly pun- 
fied state and to demonstrate its protem nature Shedlovsky and Smadel (94) 
separated a protem from filtrate of mfected rabbit skm which possessed all the 
serological activity of the startmg material and which was homogeneous on elec- 
trophoresis and also on ultracentnfugation With then co-workers (103) they 
have charactenzed the LS-protem as follows density = 1 39, specific volume = 
0 72, diffusion constant = 1 5 X 10~’, sedimentation constant = 4 Ss (Svedberg 
umts), all at 4 C, the electrophoretically determined isoelectnc pomt is pH 4 8 
Chemical analyses show 15 7 per cent mtrogen but no hpid, nucleic acid, phos- 
phorus or glucosamme The LS-antigen appears to be an elongated protem mole- 
cule with a molecular weight of 240,000 and an axis ratio of approximately 30 1 
(103) 


Serological activities of LS-antigen 
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LS-protem provides an example of a smgle molecule that is capable of ehciting 
two distmct antibodies It is of mterest m another respect, namely, two levels 
of degradation are demonstrable for both the L and S parts of the molecule The 
property of precipitatmg with the correspondmg antibody is lost m the first stage 
of serological degradation but the power of mhibitmg this antibody remains, m 
the next stage, serological activity disappears (100) A senes of degradation 
products that have vanous combmations of native and degraded parts can be 
prepared from pure LS by treatment with heat, alkah (94) and enzymes (96) 
Data on several of the more important of these are summanzed m figure 4 It 
will be noted that LS" precipitates only with L-antibody and L'S only with S' 
antibody The demonstration of degradation products of LS-protem which, on 
the basis of precipitm tests alone, appear to represent mdividual L and S sub- 
stances, has clarified earher confusion regardmg the relationship of these two 
antigemc substances 

NP-Anhgen The nucleoprotem antigen of vaccinia (101) constitutes an ap- 
preciable part of the mass of the elementary body On the basis of weight about 
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half the substance m virus particles is dissolved by dilute alkah (63, 97), and at 
least 90 per cent of the extracted matenal consists of NP-antigen (101) The 
nucleoprotein is soluble at pH values above 8 0 and is partially or completely m- 
soluble m the pH range between 4 5 and 7 5 Therefore, serological studies with 
this antigen are most convemently earned out m solutions buffered at 
pH 8 0 to 8 6 

Precipitms that react with NP appear m the sera of members of several species 
of animals foUowmg hypemnmumzation with active virus Furthermore 
rabbits repeatedly mjected with heat-mactivated elementary bodies or with non- 
infectious alkahne extracts of virus develop precipitms for NP Absorption ex- 
periments mdicate that NP-antibodies differ from L- and S-antibodies and from 
the residual agglutmm, X Moreover, the neutrahzmg power of hyperimmune 
serum is not reduced by the absorption of NP-antibodies FmaUy, normal 
rabbits followmg repeated mjections of NP-antigen fad to develop either im- 
mumty to infection or appreciable amounts of neutrahzmg antibody These im- 
munological data demonstrate that NP is a distmct antigen of vaccmia and that, 
m its present form at least, it is not the substance responsible for immunity and 
neutrahzmg antibody (101) In early experiments the heat stabdity of NP- 
antigen together with its precipitation by S-antisera, which were then thought to 
contam only S-antibody but which were subsequently shown to possess NP-anti- 
body m addition, misled us mto thinkmg that the alkahne extracts of virus con- 
tamed considerable amounts of S-antigen and that this S-protem occurred m 
combmation with thymus nucleic acid (97) 

The nucleoprotem antigen is relatively stable smee it retains its serological 
activity and immumzmg properties for months when stored m the cold More- 
over, heatmg at 56°C for one-half hour causes no appreciable change m the ap- 
pearance or m the precipitm or complement-fixation titers of solutions of the 
antigen, provided the pH is kept near 8 6 Similarly, httle if any activity is lost 
when it IS repeatedly precipitated and redissolved by varymg the pH of the 
medium Solutions cont ainin g one part m 400,000 of the nucleoprotem give a 
precipitm reaction with optimal amounts of NP-antibody (101) 

Chemical analyses show that NP-antigen contains 14 5 per cent N, 1 8 per cent 
P, and 6 per cent nucleic acid of the thymus type The electrophoretic mobUity 
of NP IS shghtly different from that of LS or L'S examined under sumlar condi- 
tions (101) 

X-Aggluitnogen Relatively httle is known about this substance except that 
it IS present m active virus and ehcits the production of an antibod}^ m certam 
hyperimmune rabbits Sera from such animals still agglutmate elementary 
bodies after all demonstrable L- and S-precipitms have been removed In con- 
trast, sera from other hyperimmune rabbits are exhausted of agglutmms bj' ab- 
sorption with LS-antigen Craigie and Wishart (18, 19) designated the residual 
agglutmatmg antibody m the first tjqie of serum as X-agglutinm Smadel, 
Ri\ ers and Hoagland (101) pomted out that NP-antibody might be considered 
as X-agglutinm smee it is not removed from antisera by treatment with LS- 
antigen However, they found that hjiieninmune sera freed of L-, S- and NP- 
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antibodies still possess some agglutmatmg power, therefore, they redefined the 
X-agglutimn as the aggregatmg substance or substances left m antiserum after 
the removal of the three precipitms 

The reaction attributed to X-agglutmm might result from the mcomplete ab- 
sorption from antiserum of the precipitatmg antibodies smce small quantities of 
these antibodies might be detectable by the dehcate agglutination techmque but 
not by the precipitm reaction This possibihty has been ruled out m part by the 
observation (101) that complete absorption of S-precipitms removes all ag- 
glutinins for coUodion particles coated with L'S-antigen In the future, studies 
on X-agglutinm should be earned out with sera that are shown to be free of anti- 
bodies which aggregate mert particles coated with LS and with NP Smce anti- 
sera absorbed free of L-, S- and NP-antibody retam X-agglutmms and neu- 
trahzmg substances (101), one wonders whether these last two substances are 
related or identical It can only be said that Salaman (91) and Dowme (20) 
have reported that the absorption of hypenmnaune sera with adequate quantities 
of elementary bodies removes both agglutinins and neutrahzmg substances 
Their experiments are surpnsmg, however, m that the absorbed sera contamed 
antibodies capable of reactmg with dermal filtrate (crude LS-antigen) One 
would think that the presence of even small amounts of L- and S-antibodies m the 
sera would be sufficient to aggregate elementary bodies It is apparent that 
additional work deahng with X-agglutmogen is m order 

Substance Responsible for Immumty and Neutralizing Antibody That there 
IS an antigemc substance or substances m active vaceme virus which stimulates 
the production of immumty and neutrahzmg antibody m convalescent hu man 
bemgs and animals has been established for many decades (44, 117) The nature 
of this substance m active virus is almost unkn own The subject suffers from 
the lack of crucial experiments which mtegrate the few known facts and also from 
the floods of reports w hich are frequently directly contradictory Even such a 
basic observation as the production of immumty by mjection of mactive virus is 
stiU a matter of controversy m the hterature This is true notwithstandmg the 
fact that careful workers have adequately demonstrated m properly controlled 
experiments that the matenals, m the forms used, are mcapable of ehcitmg either 
significant degrees of immunity or appreciable amounts of neutrahzmg sub- 
stances Knowledge m this portion of the field has advanced httle smce the 
pubhcation of complete renews m recent years (13, 33, 122) The need for 
senous study on the matenal m vaceme virus responsible for the production of 
immunity is obvious 

One IS also discouraged by the lack of understandmg of the mode of action of 
neutrahzmg antibody Craigie's comment m 1939 on reports deahng with the 
actmty of neutrahzmg antibod}’- in miro is stiU pertment He said “the ex- 
tremes of opmion regardmg their mterpretation bemg either that no in vitro 
reaction is possible between virus and neutrahzmg antibody or that an in vitro 
reaction does occur” (13) Perhaps workers who study vaceme virus should not 
be too severely cnticized for then- ignorance smce the statement is equally applic- 
able to the opmions of those who handle other viruses (certam plant viruses (8) 
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and rabbit papdloma virus (47) excepted) Furthermore, the same general 
phenomena are also active m the neutralization of bactena by antisera and here 
too the mechanism of the reaction is not completely understood (24, 34, 66) 
An encouragmg approach to the problem has been made by Bronfenbrenner and 
his group who performed mitial experiments with bactena and subsequently ap- 
phed their expenence to bactenophage (34, 35, 66) 

Summary of Immunological Reactions of Vaccinia It is evident from the a\- 
penmental data just cited that the virus of vaccima is highly complex m its anti- 
gemc structure Four distmct antibodies are demonstrated m hypenmmune 
sera by in mtro techmques, eg L, S, NP and X, m addition, neutrahzmg sub- 
stances are present m antisera and are detectable by m vivo experiments Neu- 
trahzmg antibody is distmct from the L-, S-, and NP-specific immune substances 
and it may be unrelated to X-agglutmm Two of the antigens responsible for 
the stimulation of antibodies have been obtamed from vaccme-mfected tissue or 
from the virus itself m punfied forms and their properties have been carefully 
studied, these are the LS-protem and the NP-nucleoprotem The nature of the 
antigemc substance or substances m active virus responsible for the appearance of 
X-agglutimn and neutrahzmg antibody m sera of immune animals is not known 
The antigemc complexity of vaccme virus is not umque among viruses and re- 
sembles that generally found m the field of bactenology A number of the ade- 
quately studied viral agents, i e , yellow fever, psittacosis, myxomatosis, m- 
fluenza, bactenophage and lymphocytic chonomenmgitis, have been shown to 
give nse to more than one specific antibody (95, 120) Papillomatosis of rabbits 
and certam of the plant luruses are different m this respect smce they elicit only a 
smgle specific antibody and it reacts with the virus in vitro and also neutralizes 
the virus in vivo (8, 47) 
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IMMUNITY IN BRUCELLOSIS^ 

I FOREST HUDDLESON 

Deparlment of Bacteriology and Hygiene, Michigan State College, East Lansing, Michigan 

The principal purpose of this review is to bring together many of the data that 
are related directly or mdirectly to the state of active immunity to brucellosis m 
animala and man, to critically analyze the data as to their significance, and to 
pomt out if possible the nature of the immunity The term “active immumty” 
will be mterpreted m this review with the same meanmg so well expressed m the 
foUowmg defimtion given by Rivers (1941) “Active immunity is a state of re- 
sistance to infection engendered by a normal spontaneous attack of an infectious 
disease, by the experimental or mtentional production of the disease or a modified 
form of it, or by the mjection of vaccmes ” Data havmg a bearmg on two possi- 
ble methods by which an actively acquired immunity may be engendered wdl be 
reviewed One is associated with recovery from natural or experimental infec- 
tion and the other pertains to the mjection of hvmg or dead organisms, or their 
antigemc constituents Smce the only sure mdicator of active immumty to bru- 
cdlosis IS resistance to infection, the data and observations bearmg on the subject 
wih be discussed with this objective m view 

THE BOVINE 

Active immunity acquired through infection 

Approximately 65 years have elapsed smce bovme brucellosis was recogmzed 
as a disease entity and its study imdertaken m a scientific manner In view of 
the fact that the chief symptom of the disease m the cow is the premature expul- 
sion of the fetus. Bang (1906) and many of those who followed devoted most 
of their efforts toward the S 5 Tnptom and its prevention rather than toward the 
diseased animal Even diagnostic procedures were first studied with the object 
m view of dete rmining whether an animal would abort or the abortion was due 
to Brucella abortus Preventative measures and likewise active immunity were 
considered and studied from the standpomt of preventmg the occurrence of the 
symptom Bang, the master observer, permitted httle to escape his attention 
and was not long m notmg that many infected cows aborted only once He 
speculated on the possibihty of an immumty against abortion bemg acquired 
from infection 

Most of the essential data that have accumulated durmg the past 50 years and 
which serve as a basis for estabhshmg proof that it is possible for cattle to acquire 
an immumty to brucellosis through infection were not collected and recorded with 
this object m view Nevertheless, when the data are fitted together and con- 
sidered m this direction, they furnish adequate proof that cattle very often ac- 
quire immumty to brucella infection 

The view has been expressed by many that bovme brucellosis is of the nature 
of a chrome disease and, smce there are few, if any, examples of active immumty 
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m infectious diseases of this character, one should not expect to find any active 
immunity to arise either after recovery or from vaccmal agents Such asthemc 
reasonmg would seem out of place m the twentieth century 

As early as 1916 data were collected by the writer from experiments on new- 
born calves which mdicated that they were capable of resistmg infection The 
calves were exposed to infection either by nursmg infected udders or by being fed 
hve organisms added to milk Most of the calves failed to produce demon- 
strable antibodies m the blood serum after exposure and, if they were present at 
the begmnmg of the feedmg experiment, they disappeared withm four to twelve 
weeks No attempt was made at the time to recover brucella from the tissues of 
the calves However, another study (1924) was conducted on 11 calves which 
had been exposed to infection durmg the nursmg penod, and all of which had 
shown serum antibodies for a short period No evidence of persistmg infection 
was found when the arumals were slaughtered durmg the first pregnaney or after 
parturition Durmg the penod of observation, 14 eontrol anunals housed on the 
same premises also remamed free from infection 

In connection with the appearance of brucella antibodies m the blood serum of 
new-born calves, it was pomted out by Little and Orcutt (1922) that they are 
denved from colostrum contammg such antibodies when mgested shortly after 
birth 

Carpenter (1924) added an important chapter to the story by demonstratmg 
that brucella can be recovered from many organs of calves durmg and shortly 
after the feedmg of milk contammg the hve organisms The most mterestmg 
part of his findmg was that the organisms disappeared from the tissues m the 
fifth week after the feedmg was discontmued 

Quinlan (1923) made a study of 40 calves, 15 of which were infected dams, to 
determme then susceptibihty to brucella infection by feedmg them infected milk 
over a penod of several weeks Only 8 of the calves showed specific agglutinins 
m their blood, and then for a short tune only durmg the penod of observation, 
although many of them were kept under observation for as long as two years 
These observations furnish additional proof of the resistance of calves to infec- 
tion by brucella, and that the resistance durmg the exposure penod does not 
necessarily come from the mgestion of colostrum contammg specific antibodies 

Fitch and associates (1941) collected 56 female calves from brucella-infected 
dams to determine whether such calves, if infected, would carry the infection 
through to matunty and suddenly manifest evidence of the disease The only 
known exposures to infection were at the time of birth and by way of infective 
milk durmg the first week of nursmg The group of animals was observed over a 
penod of one to six partuntions In no instance was there any evidence of m- 
fection contmumg from birth or of its sudden appearance after these animals had 
become mature 

When one considers the results of aU of the mvestigations together, there can 
be found few, if any, exceptions to the rule that calves up to a certam age possess 
a high degree of resistance to infection by brucella Furthermore, the ealf does 
not necessarily acqmre its resistance toward infection as a result of mgestmg 
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colostrum contammg specific brucella antibodies The calf from a non-mfected 
cow, and not receivmg colostrum high m brucella antibodies, appears to be just as 
resistant to infection up to a certam age as those that do 

There is one verj’- important possible difference m the status of calves exposed 
and not exposed to infection that no one has yet thoroughly mvestigated It is 
the difference m their susceptibihty toward mfection after they have reached 
breedmg age In conductmg immumzation experiments on young or mature 
cattle it would seem imperative, before declanng the efficacy of any imm unizing 
agent, to know whether exposure dunng an early age had already left the animals 
with a high degree of immumty 

There came from one experiment conducted by Birch and Gihnan (1925) 
an mdication that calves, when exposed to infection at an early age, may not 
develop a sufficient immunity to protect them agamst an overwhelmmg expen- 
mental mfection dunng adult life In this particular experiment 9 pregnant 
heifers, 8 of which as calves had been m contact with infected anunals, were ex- 
posed to infection three times a week for a penod of three months by placmg a 
suspension of B abortus m the feed Only one of the 8 resisted mfection The 
exception failed even to develop a high agglutmation titer dunng the time of 
observation 

Althou^ most young calves possess a high resistance to mfection, it is well 
known that a very small percentage do become infected under natural conditions 
and remam so to matunty 

There may be no connection between the state which accounts for the resist- 
ance of young calves to brucella infection and that which is brought mto action in 
adult ammnlR as a result of exposure to mfection Two entirely different im- 
munological phenomena may be mvolved On the other hand, it is of mterest to 
note that both resistant calves and adult animals do not develop serum antibodies 
unless exposed to or mjected with massive doses of the organism When anti- 
bodies do appear they remam for only a short time This phenomenon appears 
to be associated with the presence of an active immunity to brucellosis m labo- 
ratory animals and human bemgs as well as m cattle, and will be pomted out m 
other parts of the review 

There is another penod m the life of the bovme species when it manifests a 
high degree of resistance to bruceUa mfection This occurs dunng the penod 
when the mature heifer and cow are non-pregnant This fact was clearly dem- 
onstrated by Edmgton and Donham (1939) m a well-conducted senes of expen- 
ments on pregnant and non-pregnant heifers and non-pregnant cows The m- 
vestagators exposed 12 prp. gnn.Ti t. and 15 non-pregnant heifers, and 6 non-pregnant 
cows to very large numbers of B abortus orga n is m s either by way of the eye, 
mouth, or vagma In no instance was there any evidence to mdicate that the 
organism had established itself m the non-pregnant a . mmals Of the 12 pregnant 
ones, 11 became infected and aborted Seven of the heifers and the 6 cows ex- 
posed prior to breedmg were agam exposed to a large dose of B abortus orga n is ms 
durmg the subsequent period of gestation Agam, these animals failed to de- 
velop the disease Although most of the a n i m als developed a high agglutmation 
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titer after exposure to the massive doses of organisms, there was a rapid declme 
m the titers m subsequent months 

The failure of the pregnant animals to become infected after the second ex- 
posure can be attnbuted only to the operation of an active immumty resultmg 
from exposure to live organisms when they were non-pregnant It would be rare 
mdeed for all members of such a large group of normal pregnant animals to resist 
infection by any other means The low susceptibihty of non-pregnant heifers 
and cows may not be of the nature of an acquired immumty, but it may be related 
to the same state which exists m young calves, and which protects them from 
infection, — a state which is unfavorable for the growth and persistence of the 
mvadmg organisms 

It has been observed by many that the mcidence of brucella infection appears 
to decrease after the disease has been present m a herd for many years, provided 
no additions are made to the herd from the outside This occurrence has been 
attnbuted to “decreased virulence” of the organism m the animals m the herd 
It would, however, be just as logical to assume that the decrease m the mcidence 
of new infections was due to an actively acquired immumty resultmg from ex- 
posure to infection at an early age In this connection considerable data from 
experimental infection studies have been obtained that have a direct beanng on 
the occurrence of active immunity under natural conditions Rettger and as- 
sociates (1926) exposed 26 bred and unbred heifers to brucella infection by either 
the oral, subcutaneous or urethral route Their protocols show that 12 (54 per 
cent) failed to become infected, and a large percentage failed even to develop 
specific serum antibodies It is hardly conceivable that the animals failed to 
become infected because the number of organisms to which they were exposed 
was too small A high degree of immunity must have been present m many of 
the animals before exposure, or was acquired immediately as a result of the 
exposure 

In an experiment conducted at the Umversity of Wisconsm with the purpose 
of determmmg the influence of an adequate and low mmeral mtake m cattle on 
then susceptibihty to brucellosiB by artificial exposure, Hadley and Welsh (1931) 
obtamed data mdicatmg that an active immunity was operatmg m some of the 
animals used m the experiment Of a total of 33 m the two groups, 13 failed 
to become mfected Many of the 13 developed specific serum agglutinins m low 
titer for only a short time The animals were kept under observation for two 
years and durmg this time 29 (88 per cent) had ceased to show any evidence of 
bemg infected as mdicated by the absence of specific serum agglutinins and by 
negative bactenological findmgs Later, Beach and Humphrey (1935) used 13 
of these animals m an experiment to determme their resistance to mfection, the 
outcome of which will be discussed later 

Huddleson and Smith (1931) studied a large number of animals m a dairy herd 
for a penod of four to eight years and obtamed data mdicatmg the existence of 
active immuni ty m many to brucella infection Durmg this penod, the serum 
agglutmation test was positive m a dilution of 1 100 or higher m 189 animals 
A considerable number of these aborted There were many opportumties for all 
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animals to become exposed to infective matenals Of a total of 227 cows studied, 
23 remamed negative, and 19 never showed more than an mcomplete reaction to 
the agglutmation test m a 1 25 dilution In other words, the results of the ag- 
glutmation test alone mdicated that 41 (18 per cent) of the total were able 
through some means to resist infection durmg a long penod of time Certamly 
the failure of such a large number of animals to become infected when every op- 
portumty was provided, can hardly be accounted for except through the opera- 
tion of an acquired immuni ty 

Beach and Humphrey (1935) have contnbuted the most significant and im- 
portant data of all on the question of an actively acquired immuni ty developmg 
m animals after recovery from brucella infection Thirteen of the animals men- 
tioned m the experiment of Hadley and Welsh (1931), after a penod of 5 years 
durmg which time they had not agam been exposed, were exposed to B abortus by 

TABLE 2 


Reading animals reverting to incomplete and negative reactions over a penod of i to 6 years 

Huddleeon and Smith (1931) 


1 

AGOLUTINATIOn TPn.:tt 


+1 2S 

+1 50 

+1 100 

+1 200 nod 

1 500 


Total nnmbtra 


26 

32 

34 

165 

Reverting to partial or trace in 1 25 
Number 

8 

■■ 

3 

9 

Per cent 

31 


13 

5 5 

Revertmg to negative 

Number 

0 

0 

2 

2 

Per cent 

0 

0 

8 

1 2 


way of the eye and mouth durmg pregnancy It may be seen from table 1, m 
which the results of subsequent serological tests are set forth, that only 1 of the 13 
became infected Of 22 pregnant heifers used as controls and exposed at the 
same tune, 11 became infected and aborted 

The question is often asked, what trend does the agglutmation reaction take 
over a penod of years m animals that have been exposed to natural infection? 
Data obtamed by Huddleson and Smith (1931) and set forth m table 2 from a 
study of animals m a large dairy herd over a penod varymg from three to eight 
years serve as a partial answer Of a total of 189 animals showmg an agglutma- 
tion titer of 1 100 or higher, only 16 (8 5 per cent) reverted to a negative or slight 
reaction Of 58 showmg a reaction less than 1 100, 18 (31 per cent) either ceased 
to react or showed only shght reaction m a 1 25 dilution Durmg the penod, 
26 of the total never developed a titer higher than 1 25 
When one exammes the trend of serum agglutmation titers m animals ex- 
perimentally infected a remarkable difference is found With three exceptions. 
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all the aminals which Hadley and Welsh (1931) used in the nutntional expen- 
ment ceased to react to the agglutination test within two years after the initial 
exposure Their data are summanzed m table 3 
The identification of adult cattle immune to brucellosis by means other than 
determining their resistance to artificial or natural infection belongs to the future 
There is at present no mdication as to what the procedure will be The measure- 

ment of bactencidal antibodies m the serum of anunaJs resistant to the disease 
does not appear to be a hopeful procedure Although Irwin and Ferguson (1938) 
claim to have obtamed a reduction m numbers of B abortus m their bactencidal 
experiments conducted with serum from immune cattle, no one has yet observed 
complete killing or reduction m virulence of brucella m the presence of blood 
from such animals 

In recent electrophoretic studies of the mobihties and concentrations of pro- 
teins m blood serums from normal and bruceUosis-immune cattle, San Clemente 

TABLE 3 

Comparison of reactor cows on basis of degree of reaction two years after first exposure to B 

abortus 


Hadley and Welsh (1931) 



moa lEACIOKS ( 005 ob hioheb) 

row BEACTOVS ( 02 tO 005) 


Nombtr 

Percent 

Number 

Per cent 

Included in statistics 

18 

100 

15 

100 

Aborted 

14 

78 

4 

27 

Calved normally 

4 

22 

11 

73 

Later became non-reactors 

14 

78 

16 

100 

Became low reactors and remained so 

0 

0 

0 

0 

Eemained high reactors 

Developed udder infection with Bru- 

4 

22 

0 

0 

cella abortus 

5 

28 

0 

0 


and Huddleson (1942) obtamed results which would mdicate that the factor 
characterizing the “immune state” is not to be found m the blood serum proteins 
No measurable differences were obtamed between the serum proteins of immune 
and normal cattle 

Active immunity in cattle acquired by use of vaccinal agents 

As m many other infectious diseases the early attempts toward producmg im- 
munity by means of vaccinal agents against bovme brucellosis weje conducted 
empirically and with httle knowledge of the natural course of the disease Little 
consideration was given to the preparation of the vaccmal agents or the status 
toward infection of the animals that were mjected It would appear that most 
of the early attempts at vaccmal immunization of cattle aga i nst brucellosis were 
pomtless and a waste of energy 

Those who attempted vaccmal immunization of cattle cannot be criticized too 
severely for the manner m which the experiments were conducted or for the con- 

/ 
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elusions that were drawn from the data One must remember that well-con- 
trolled experiments on brucellosis m cattle are expensive and that considerable 
time must elapse before the results are available In very few instances have in- 
vestigators been supphed with the required facihties or funds for conductmg well- 
planned and conclusive experiments They have had to resort to the use of 
ammals not primarily mamtamed for use m a disease experiment, or to the co- 
operation of farmers who were willing to “take a chance” 

The chief objective m early studies of vaccmal immunization was the preven- 
tion of the chief symptom, premature expulsion of the fetus battle or no con- 
sideration was given to the prevention of active infection This objective was 
pursued even for many years after Schroeder and Cotton (1941) had demon- 
strated the presence of brucella m milk from udders of infected cows and its 
elimmation therefrom for long periods of time 

Bang (1906) attempted vaccmation of unbred sheep and cattle by means of hve 
and toluol-killed bouillon cultures of B dborkis In the experiments m which 
the animals received mjections subcutaneously before conception, a high degree 
of protection against the symptom of abortion was noted Of 16 sheep so treated 
and exposed by feedmg infective matenal all failed to abort, while four unvac- 
cmated controls aborted Of 10 goats treated with the toluol-treated cultures 
and exposed, 7 aborted One of 4 heifers treated with hve cultures and 3 of 6 
heifers treated with killed cultures and exposed to mfection aborted Three out 
of five unvacemated controls aborted 

In the hght of our present knowledge concemmg the disease, the results of the 
vaccmation experiments of Bang have httle significance The number of animals 
used was too small and, furthermore, protection against mfection was not con- 
sidered Bang’s work, however, apparently estabhshed a procedure and an m- 
dex of results m vaccinal imm uniz ation which were to be followed for many years 
m all parts of the world They are the mjection of hve cultures before concep- 
ception, and measurmg the results on the basis of the occurrence of abortion 

Stockman and McFadyean over a period of years practiced the mjection of un- 
bred animals m England with a massive dose of hve B dbortm m order to produce 
protection against abortion An attempt was also made to observe the immun- 
izmg value of lolled organisms on animals after breeding The results obtamed 
m two herds after the use of the two agents are summarized m a report by Stock- 
man (1914) m table 4 

When one attempts to evaluate these data, it must be remembered that the 
only status of the animals taken mto consideration before treatment was whether 
they had previously aborted or were unbred No thought was given to deter- 
mimng past or present mfection even though the agglutmation test was bemg used 
for that purpose dunng this penod In measurmg the final results, the entenon 
for immumty m the treated ammals was their failure to abort The status of the 
animals as regards infection after treatment was not detenmned 

Zwick and associates (1920) m Germany made use of various agents m an at- 
tempt to prevent abortion m cattle They employed hve and killed orgamsms 
alone and each mixed with specific agglutmatmg serum Each animal received 
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the culture from two agar slants suspended m physiological salt solution It is 
stated that many of the treated animals had aborted one or more times before 
treatment No attempt was made to determme whether either the treated 
animals and those used as controls were infected before or after the begmmng of 
the study Their data (table 5) show a considerably lower abortion rate m the 
animals treated with hve cultures than m the controls In view of the fact that 
the data were compiled from questionnaires and no apparent attempt was made 
to determme whether the animals were infected before or after treatment, the 
results axe of doubtful significance 

Jensen (1921) was one of the first to study the efficacy of vaccmatmg non- 
pregnant heifers with a hve culture to prevent abortion The heifers were given 

TABLE 4 


Summary of results of vaca.nat\ng cattle against brucellosis in England by Stockman (1914) 


UEIBOD 

NXJUBEX or 
AKIUALS 
OBSE&VZt> 

ASorrzD 

per cent 

Treatment with live orgamsroB 

493 

32 

6 6 

Treatment with killed organisms 

110 

23 

21 

Controls 

1 

432 

101 

23 3 


TABLE 6 

Results of vaccinating cattle against brucellosis in Germany by Zvnck and associates {19S0) 


AGENTS EMPLOYED 

NXJUBEE 

TSZATZD 

NTTMBEE i 

ABOXTED ATTEE 
TXEATUENT ^ 

PEE CENT 

Killed organisms 

937 

117 

12 6 

KiUed organisms mixed with specific serum 

167 

20 

12 7 

Live orgamsms 

482 

28 

6 8 

Live orgamsms mixed with specific serum 

67 

3 

6 

Controls 

1,366 

246 

18 1 


from 2 to 3 mjections before conception The study was made on 447 vaccinated 
and 424 controls m different herds Durmg the 2 years foUowmg vaccmation, 
23 7 per cent of the treated and 36 8 per cent of the control animals aborted 
Jensen was not impressed with the results of his experiment 
Schroeder (1922) m an early attempt to determme the value of vaccmes m 
preventing abortion, mjected 11 non-infected, unbred animals subcutaneously 
With a suspension of hve B abortus, supposedly virulent Four others received 
repeated mjections of kfiled organisms after conception There were 8 controls 
The ammals were bred 60 days after treatment, and then aU groups were exposed 
to infection by feedmg infective material from an aborted fetus Of the 11 
treated with hve organisms, 1 aborted Of the 4 receivmg killed organisms, 2 
aborted Seven of the 8 controls aborted While the results of this small 
experiment mdicate that the mjection of hve org anisms before breedmg had some 
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influence m preventing the manifestation of the symptom of the disease, there 
was no evidence obtained to mdicate the absence of infection 

In table 6 are compiled data gathered by Hadley (1921) after mjectmg a sus- 
pension of hve brucella organisms mto bred and xmbred heifers and cows, some 
of which had previously aborted, the object was to determme the influence of the 
mjection on the mcidence of abortion No mention was made of the status of 
the n.mtnalR as regards infections before or after treatment It may be noted 
that few controls were used Even though the number of abortions is shghtly 
greater m the controls than m those treated, it is obvious such data contribute 
httle information on the value of vaccmation m producmg an active immimity 
against infection 

Smith and Little (1923), havmg been impressed with the reported favorable 
results of hve-culture vaccmation m non-pregnant animals m England, pro- 
ceeded to put the theory to teat on non-pregnant heifers and one small group of 
cows Smith and Little employed whenever possible a newly isolated culture 
of B abortus as a vaccme, mjectmg approximately 2 to 5 biUion organisms 

TABLE 6 


Results of vaccinating cattle against brucellosis in Wisconsin by Hadley {1921) 


STATUS or ANHIAM STUDIED 

NUlfBKR or 
ANmALS 
OBSERVED 

NUUBES 

ABOSTED 

PEE CXKT 

Unbred heifers 

127 

28 

22 

Unbred heifers, controls 

24 

8 

33 

Unbred cows 

277 

28 


Bred cows 

35 

6 


Bred and unbred cows, controls 

66 

20 

H 


mtravenously or subcutaneously The experiments were designed more for the 
purpose of companng the effects of mjectmg hve organisms mto animals with 
natural exposure to infection As there is no mdication that those treated were 
agam exposed to infection, it must be assumed that when infection occurred it 
was due to the hve organisms mjected Apparently the control animals used 
m the experiment were exposed to infection from the mjected ones, as no mention 
IS made of artificial exposure AU the experiments with one exception, there- 
fore, can hardly be considered as an effort to test the immumzmg efficacy of hve 
culture mjections The one exception is a group of 34 heifers treated with a 
lolled vaccme and then exposed to infected nminnlH m one of the control groups 
The results obtamed from the two methods of exposure are summanzed in 
table 7 

It IS mterestmg to note that the number of abortions m the groups treated 
with the hve culture is considerably smaller than m the control groups The 
latter were exposed evidently after they became pregnant From what is known 
of the natural course of the disease today, such results are not surpnsmg There 
was not, however, a great deal of difference between the percentages that actually 
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became mfected m the two groups These results are rather surpnsmg and do 
not agree with the data collected by Edmgton and Donham (1939) 

The results obtained by Smith and Little are sufficiently convmcmg m demon- 
strating that the non-occurrence of abortion m moculated animals is far from 
bemg a suitable cntenon of freedom from infection, and that the practice of 
mjectmg hve virulent organisms mto non-pregnant heifers or cows with the 
idea of protectmg them against infection is hkely to result m more harm than 
benefit 

Hart and Traum (1925) (see table 7), mjected non-infected and non-pregnant 
heifers and cows subcutaneously with a suspension of hve virulent B abortus 
for the purpose of determining its value as an immunising agent against m- 

TABLE 7 


Summary of results of three separate tnvesUgattons on Iwe and killed culture vaccination of 
cattle against bruceUasis (first pregnancy observations) 


INVESTIGAtOM 

27UV3ES 

or 

AHIUALS 

! TYPE OP 

AinUALS 
(unbsxd) 

1 

tivpB or 

VAOCTOE 

EXPOSURE 

ABOKTlOMfi i 

1 

rNTEcmaj* 

Num- 

ber 

Per 

cent 

Num- 
ber j 

Per 

cent 

Smith and Little 

64t 

Heifers 

L§ 

None 

8 

13 

23 

36 

(1923) 

34t 

Heifers 

K§ 

To those treated 

5 

15 

9 

26 


153t 

Heifers 


To those treated 

46 1 

30 

61 

40 

Hart and Traum 

20t 

Heifers 

L 

Artificial 

0 

0 

4 

20 

(1926) 

lot 

Heifers 

L 

None 

0 

0 

0 

0 


16t 

Cows 

L 

None 


0 

10 

63 


15t 

Heifers 


Artificial 

6 * 

40 

12 

80 

Lubbenhusen, et al 

27t 

Heifers 

L 

Natural 

2 

7 

6 

22 

(1926) 1 

1 

33t 

Heifers 

i 

Natural 

6 1 

1 

16 

i 10 

33 


* Revealed by examination of fetus or milk 
t Treated 
t Controls 

§ L = live virulent, K = killed 

fection and whether the vaccmal strain persisted m the animal body The heifers 
received 220 biUion and the cows 80 bilhon organisms The heifers were exposed 
to infective matenals by the oral route After mjection and breedmg, the 
lactatmg cows and one group of heifers were not agam exposed to infection 
Although 4 of the 20 heifers treated were found infected after parturition, none 
aborted Of the 15 control heifers exposed by the oral route, 6 aborted and 12 
became infected In a group of 10 heifers treated before breedmg and not 
exposed, no abortions or infections occurred The 16 lactatmg cows were m- 
]ected more for the purpose of obtammg information of the localisation of the 
mjected organisms m the udder Of these, 10 were found later to be ehmmatmg 
B abortus m the milk, some for a penod as long as 6 months 

Lubbenhusen and associates (1926) (see table 7), selected 27 non-mfected, 
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unbred beifers from a large herd of dairy cattle m which brucellosis had been 
present for several years to test the efficacy of vaccmation with hve culture m 
preventmg abortion and infection Thirty-three unbred heifers were selected 
from the same herd as controls The heifers were mjected with 20 to 60 ml of 
a suspension of hve organisms from newly isolated cultures made up to a turbidity 
of 2 on the McFarland scale The treated and control animals were permitted 
to associate freely with the naturally mfected animals m the herd Durmg the 
first penod of gestation, 4 abortions occurred m the treated animals, only 2 of 
which were due to brucella However, bacteriological exammations made at 
the time of abortion or partuntion revealed 6 (22 per cent) infected Durmg 
the first penod of gestation, 7 of the 33 controls aborted, 6 of which were due to 
brucella Ten (33 per cent) of these became mfected 

Lubbenhusen extended the observations on many of the treated and control 
animals through a second and third penod of gestation At the termination of 
the experiment covermg more than three years, 30 per cent of the treated and 
42 per cent of the control ammals had shown bactenological evidence of infection 
on one or more exammations Smce the treated and control animals had been 
more or less m association with mfected animals from buth, it is qmte possible 
that many of them had developed a considerable degree of active immunity be- 
fore the experiment was b^;un This might easily account for the failure to 
infect 70 per cent of the treated and 58 per cent of the controls There is no 
means of determmmg whether the treated animals m this experiment became 
infected from the mjection of hve organisms or from natural exposure Smce 
many of the non-pregnant animals used m the infection experiments by Smith 
and Ldttle (1923) became infected as a result of moculation it can be assumed 
that this must have occurred m Lubbenhusen’s experiment 

Although the data obtamed by Smith and Little, Hart and Traum, and Lub- 
benhusen demonstrate the futdity of trymg to obtam active immumty by m- 
]ectmg hve virulent org anisms mto animals without at the same time producmg 
infection, they do, however, re&nphasize the fact that a considerable percentage 
of non-pregnant heifers and cows possess a high degree of resistance to B abortus 
infection by any route Furthermore, for some unexplamable reason the number 
of abortions that occur after conception m the mfected animals is considerably 
less than the number of actual infections It would appear from the collected 
data that if infection is not established by the moculation of hve organisms mto 
animals, most of them subsequently will be found highly resistant to infection 
Such results can only mean that it is possible to produce active immumty against 
brucellosis But the procedure must be one which wdl not leave the treated 
nmmnls infected 

A smooth culture of B abortus was found by the wnter (1922) which when 
mjected m large numbers failed to mfect gumea pigs or pregnant cattle This 
culture, used as a hve vaccme (Giltner and associates, 1929), was mjected sub- 
cutaneously mto a large number of non-mfected cattle m several herds from 1920 
to 1927 to determme if it would cause an mcrease m resistance against brucellosis 
The experiments from 1920 to 1926 were not controlled as no non-mfected 
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controls were employed The data furnished information only on the harm- 
lessness of the vaccme Of 293 non-mfected ammals treated and observed for 
14 to 18 months, only 3 7 per cent aborted In the same herds were 167 un- 
treated nnimnlR which were supposedly infected according to the results of the 
agglutination test Durmg the same period of observation 25 per cent of these 
aborted In 1926 and 1927 many negative control animals were left m the herds 
in which other non-mfected ammals were treated Of the 722 treated, 5 4 per 
cent aborted durmg the 14-month penod that followed Durmg the same time 
8 1 per cent of 370 controls abort^ There were 644 mfected animals m the 
same herds, but the mcidence of abortion m these was also low, it bemg only 9 9 
per cent Infection had been present for a number of years previously m most 
of the herds used m 1926-1927 It is known that the number of abortions and 
new infections decrease m such herds after a penod of 3 or 4 years So it is not 
surpnsmg to find such a low mcidence of abortion m all groups durmg the year 
that followed this experiment The results have no positive significance insofar 
as protection against infection or abortion are concerned They do, however, 
demonstrate that it is possible to mject both pregnant and non-pregnant cattle 
with a hve culture of very low virulence without harmful results The only 
senous cnticism of this tjrpe of vaccme at the time was that it produced specific 
serum agglutmms which persisted m some mstances for more than one year 
Their presence m the serum of ammals as a result of mjectmg the vaccme made 
it difficult to detect actual infection by means of the agglutination test 
The culture used m the previously mentioned studies was dissociated m 1929 
to the pomt where the mjection of large numbers mto an animal caused no agglu- 
tmm response Then, a senes of experiments was begun m cattle m pnvate 
herds to determme its immumzmg value The experiments extended over a 
penod of 6 years (Meyer and Huddleson, 1936) The results of this study are 
summarized m table 8 The vaccme was mjected mto calves, bred and unbred 
heifers and cows, which were negative to the agglutination test From 40 to 
50 per cent of the negative ammals m most of the herds were left for controls 
One may note from the data that the mcidence of infection and abortion was 
unusually low m aU groups, that is, treated, controls and mfected Infected 
animals had been present m most of the herds studied for a number of years 
previously In ammals from herds of this type, experimental data denved from 
the employment of agents for immumzmg or therapeutic purposes are hkely 
to mislead one mto behevmg that the agent itself was responsible for the favor- 
able results Fortunes have been made by producers of preventative and thera- 
peutic agents at the expense of cattle breeders by knowmgly or unknowmgly 
takmg advantage of the natural course of brucellosis m cattle 
When the vaccme made from the dissociated culture was mjected mto sup- 
posedly non-mfected animals m herds shortly after the first appearance of the 
disease, the results which followed were a conclusive demonstration that such a 
vaccme gave httle, if any, protection to ammals against the disease 

In 1925 Buck (1930) began a senes of experiments designed to determme the 
efficacy of suspensions of h^ e cultures of B ahoHus m producmg sufficient active 
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immunity m calves to protect agamst infection when they become mature 
Several cultures of different degrees of virulence were used m the experiments 
The final results seemed to mdicate that one culture, No 19, of moderate viru- 
lence had possibihties The 3 calves treated with this culture resisted mfection 
on artificial exposure 


TABLE 8 


Summary of results from an attempt to immunize cattle against brucellosis vnth a live dissociated 

culture of B abortus 
Meyer and Huddleson (1936) 




j 


AKIUALS 

TZAS 

CBOUP 

KTJUBES 

OF HESJ>S 

OF AKIUAXS 

Aborting 

Infected* 





Number 

Per cent 

Number 

Percent 

1930 

Treated 


692 

13 

2 1 

70 

11 8 

1 

Controls 

22 

221 

17 

7 8 

65 

24 9 


Infected 


218 

38 

17 4 



1931 

Treated 1 


611 

23 

3 7 

89 

14 6 


Controls 

22 

169 

19 

11 9 

46 

28 8 


Infected 


227 

60 

22 0 



1932 

Treated 


692 

10 

1 7 j 

31 

6 2 


Controls 

27 

182 

0 

0 

7 

3 8 


Infected 


235 

36 

16 3 



1933 

Treated 


481 

6 

1 2 

30 

6 2 


Controls 

27 

204 

4 

1 9 

15 

7 3 

i 

1 

Infected 


213 

29 

13 6 



1934 

Treated 


397 

12 

3 0 

34 

8 6 


Controls 

19 

381 

4 

1 0 

26 

6 8 


Infected 


170 

18 

10 6 



1937 

Treated 


504 

4 

0 7 

6 

1 1 


Controls 

14 

: 251 

7 

2 7 

13 

5 1 


Infected 

1 

182 

29 

25 8 




* Based on bacteriological and serological data 


The study begun by Buck was contmued by Cotton, Buck and Smith (1934) 
The results of two experiments are summanzed m table 9 In one experiment, 
6 heifers near breedmg age were treated with stram No 19 In another, 9 were 
treated After breedmg they, along with controls, were exposed to infection by 
way of the conjunctiva In the first experiment, 1 treat^ and all 8 controls 
became infected In the second experiment, none of the treated, but 7 of 11 
controls became mfected Two of the treated animals aborted, but no evidence 
of brucella mfection could be found The results of these studies led Cotton 
and his associates to suggest that calves between the ages of four and six months 
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be treated -with strain No 19 m order to avoid a prolonged serum agglutmation 
titer from the vaccme which would occur if adult animals were mjected 

Smce 1938 there have appeared numerous reports (see table 9) pertammg to 
the efficacy of stram No 19 vaccme m the prevention of brucellosis m cattle m 
private and experimental herds Hardenbergh (1939) vaccmated 143 calves, 
leavmg 73 controls They were mamtamed in a private herd under natural 
conditions of exposure Of the total treated, 3 (2 per cent) became infected 
after reachmg maturity Four (6 per cent) of the controls became infected 
Hanng (1938, 1939) Mills (1940), Thomsen (1939), Tompkms (1940), Harmg and 
Traum (1937, 1941) and Wmter (1941) have likewise vaccmated a large number 
of calves that were mamtamed under natural conditions All report encourag- 

TABLE 9 


Summary of results from vacctnahon of calves vnlh BAI strain No 19 as reported by various 

investigators 


OSICIH cnr STUDY 

ItETHOD or 
EXPOSUIZ 

VACCmATED 

CONTROLS 

Tola] 

Number 
became mfectcd 

Total 

Number 
became mfected 

Cotton, et al (1934) 

Artificial 

15 

1 ( 7%) 

1 

19 

15 (78%) 

Hardenbergh (1939) 

1 Natural 

143 

3 ( 2%) 

73 

4 ( 6%) 

Mills (1940) 

Natural 

142 

12 ( 9%) 

46 

16 (34%) 

Thomsen (1939) 

Natural 

266 

9 ( 3%) 

136 

34 (26%) 

Tompkins (1940) 

Natural 

24 

4 (17%) 

32 

9 (28%) 

Tompkins (1940) 

Natural 

222* 

3 ( 1%) 

0 


Birch, et al (1941) 

Natural 

36* 

10 (29%) 

j 23* 

17 (74%) 

Mohler, el al (1941) 

Natural 

8,182t 

128 ( 1%) 

0 


Hanng and Traum (1941) 

Natural 

2,872f 

169 ( 6%)§ 

1,763 

246 (13%) § 

Winter (1941) 

Natural 1 

968* 

63 ( 6%) 

0 

0 

Rabstein and Welsh (1941) 

Natural 

642 

5 ( 0%)§ 

0 

0 


* First partuntion 
t Report covers part of 3 partuntions 
t Number of pregnancies 
§ Number of abortions 

mg results on the efficacy of the vaccme m protectmg cattle against infection 
after they reach breedmg age 

Birch, Gihnan and Stone (1941) have conducted an exceptionally well-planned 
and controlled experiment on 35 calves with stram No 19 to detemune its 
immumzmg value and the duration of the imm unity The animals, after breed- 
mg, were exposed to infection by placmg them m quarters with aborting cows 
Of the 35 vaccmated animals and 23 controls, 3 of the former and 14 of the latter 
became defimtely mfected durmg the first pregnancy Ten of the vaccmated 
and 17 of the controls also became reactors Twenty-eight of the vaccmated 
and 14 of the controls were observed through a second pregnancy Durmg this 
penod 7 vaccmated and 5 controls became infected Seven m both groups be- 
came reactors 


i 
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It IS of interest to note that during the first penod of this experiment 25 of the 
vaccmated and 6 of the control animals failed to develop specific agglutuuns 
even though they were m constant association with infected animals In a 
personal commumcation, Birch has informed the writer that 17 out of 18 vac- 
cmated anunals and all 6 of the controls that remamed negative to the agglutina- 
tion test through the first pregnancy also kept the same status through the 
cecond pregnancy Duimg a third pregnancy, 6 more of the 18 vaccmated 
animals became reactors Of 6 remammg controls all remamed negative None 
of the animals m question aborted or showed B abortus m the milk One might 
raise the question as to whether the animals m the control groups which failed 
to become infected were naturally immune or had already acquired an active 
immumty before exposure Their failure to produce specific serum agglutuuns 
on exposure is similar to what one observes m young calves and to the findmgs 
of Beach and Humphrey (1935) m cattle that had recovered from brucellosis 
Perhaps the same immunological phenomenon is mvolved m both natural and 
actively acquired immunity to brucellosis 
The Bureau of Animal Industry of the U S Department of Agnculture has 
been conductmg extensive studies of stram No 19 m calves m pnvately owned 
herds smce 1936 Mohler and associates (1941) have summarized the results 
m the followmg paragraphs 

“Of the calves vaccinated, 8,182 have now dropped calves involving three pregnancies, of 
which 6,673 were first, 2,026 were second, and 483 were third pregnancies 

“There were 7,782, or 96 2 per cent, normal parturitions in these herds Of the latter 
number 6,626, or 82 9 per cent, calved normally and also were negative on post-partuntion 
test, 399, or 6 1 per cent, calved normally but were positive to the post-partuntion test, 
and 947, or 12 per cent, calved normally and were suspicious to the post-partuntion test 
“On the other hand, 310 or 3 8 per cent abortions occurred in these groups, of which 182, 
or 68 7 per cent, of the aborting animals were negative to the post-partuntion test and 99, 
or 31 9 per cent, were positive to this test, while 29, or 9 3 per cent, of the aborting animals 
were pronounced suspicious Consequently, on the basis of the blood agglutination test, 
only 128, or 1 6 per cent of the abortions occumng in this group of 8,182 ammals involved in 
the three pregnancies could be attnbuted to brucellosis ” 

Rabstem and Welsh (1941) have studied the effects of vaccmation with 
stram 19 on animals from the standpomt of the persistence of the agglutinm 
response as well as the immunizin g value The study mcluded three age groups 
of which 642 were vaccmated between 3 and 8 months (Group 1), 89 between 9 
and 12 (Group 11), and 65 between 13 and 21 months of age (Group III) All 
of the 796 animals were positive to the serum agglutination test m a dilution of 
at least 1 200 two weeks followmg vaccmation with the exception of two which 
remamed negative even after bemg repeatedly vaccmated Vaccmated calves 
showmg a serum agglutmation titer of at least 1 200 were m direct association 
with susceptible animals and m no instance did the latter show any change m 
their status 

There was noted a direct relationship between the age of the animal at the 
time of vaccmation and the length of time that a positive blood reaction was 
retamed Nme months followmg vaccination, 91 per cent of Group I, 50 5 
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per cent of Group n, and 20 per cent of Group HI were negative to the agglutma- 
tion test At 18 months followmg vaccmation, Group I showed 1 4 per cent 
positive and 3 4 per cent suspicious, Group 11 contained 6 7 per cent positive 
and 21 3 per cent suspicious, while Group III had 20 per cent positive and 40 
per cent suspicious 

Of the pregnancies recorded on animals vaccmated m this experiment, 172 had 
one calf, 90 had two, 48 had three, 26 had four, and 8 had five calves each Out 
of the total number of pregnancies, ten (1 5 per cent) termmated m abortions 
of which five appeared to be due to B abortus infection 
From the studies that have thus far been made with stram No 19 as an im- 
munmng agent agamst bovme brucellosis, it is reasonable to conclude that, 
when it IS used on calves between the ages of 4 to 8 months, a high degree of 
active immumty is produced agamst natural brucellosis infection durmg the 
first pregnancy, that active immumty remains even durmg the second and third 
pregnancy, that the organism contamed m the vaccme used on calves does not 

TABLE 10 


Summary of a vaccination experiment on cattle conducted by McEwen in England (19S7) 



j VACCDtATED 

CDHTSOLS 

Number 

Number 
became Infected 

Number 

Number 
became infected 

let 

109 

4 (4%) 

98 

6 ( 6%) 

2nd 

90 

2 (2%) 

73 

14 (19%) 

3rd 

38 

0 

29 

7 (24%) 


establish itself m the animal body to produce a earner state, that calves and 
young heifers show an agglutmm titer for only a few months after vaccmation 

The proper and contmued use of stram No 19 vaccme should serve a useful 
purpose m preventmg the spread of brucellosis m infected herds and m preventmg 
its occurrence m those herds free from brucellosis It may play as useful a 
role m the control of brucellosis (Bang’s disease) as the slaughtermg of infected 
cattle 

McEwen (1937 to 1939) in England also has mvestigated the possibdity of 
using a live culture of B abortus of low virulence for immunizmg adult am- 
mals as well as those imder breedmg age In 1937 appeared the first compre- 
hensive report of his studies in this direction, m which a sufficient number of 
controls were left to give the results significance The data from one of Mc- 
Ewen’s experiments are presented m table 10 There is httle, if any differ- 
ence between the mcidence of infection in the vaccmated and control animals 
durmg the first year of observation McEwen’s explanation for this is that the 
herd employed contamed many infected animals which reacted to the agglutm- 
ation test and possibly many of those that were negative to the test were also 
infected If the latter were mjected with a vaccmal agent, they would later 
show evidence of infection and be classified as unprotected by the vaccme 
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During the second year that the annuals were under observation m McEwen’s 
experunent there was a marked difference between the number that became 
infected m the treated and m the control groups 

Active immunity in the goat acquired through infection or by use of vaccinal agents 

Although the milch goat has been known to be the host and disseminator of 
Brucella meliiensis m certam regions smce 1905, there are not available any 
recorded data of either a positive or negative nature pertaining to recovery from 
the disease and the status of such goats toward a second infection after recovery 
The lack of studies m this direction on the goat might appear paradoxical to 
those not acquamted with the almost msurmountable difficulties which have 
confronted those who have attempted to study the disease The fype of milch 
goat mhabitmg the enzootic regions has never been considered of great economic 
importance, except perhaps to the owner When to this view is added a poorly 
organized and madequately supported animal health service m the same regions, 
it IS not surpnsmg to find that the course of brucellosis m the goat has not yet 
been explored 

The mfeeted goat contmues to be the chief source of brucellosis m human 
bemgs throughout the world But untd more information is available con- 
cemmg the nature of the disease m this host, one cannot expect any considerable 
reduction m the mcidence of the disease m man 

The same situations that have obstructed studies of the infected goat smce 
the Mediterranean Fever Commission was disbanded also have delayed until 
1937 any well-directed efforts toward the study of vaccmal agents as a means 
of producmg an active immunity m this animal In this year Pouldmg (1939) 
began a senes of experiments m Malta with this object m view One mvolved 
the mjection of a suspension of hve virulent B abortus into female kids which 
had been raised from non-mfected females When they had reached the age of 
to 5^ months, 12 kids were mjected subcutaneously with 2,500 milhon live 
organisms None of the kids become permanently infected from the moculation 
as mdicated by the disappearance of specific serum agglutinms withm 8 months 
They were bred on reacWg matunty and shortly afterwards, together with 12 
controls, exposed to B meMcrms infection by permittmg them to associate m 
the same pen with infected female goats that had just aborted Of the 12 
treated goats, one aborted and one failed to conceive Six of the controls 
aborted and one failed to conceive At the time of partuntion or abortion, 8 
of the treated ammals and 8 controls were found infected with B mehtensis 

Pouldmg also studied the immunizmg value of another agent on goats This 
was a bactena-free culture filtrate prepared by growmg B mehtensis m hver 
broth for a long penod of time, then passmg the broth through a filter and addmg 
phenol to 0 5 per cent (this agent was reported on previously by Zammitt and 
Debono (1933)) Two groups of goats were treated with this agent One group 
consisted of 15 one-year-old females, and the other of 14 females more than 2 
years old the historj'- of which was mdefimte After breedmg the two groups 
thej , along with 12 control females, were exposed to infected goats at the time 
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of abortion Examinations made on the goats after abortion or after parturition 
revealed 11 of tbe 12 controls and 13 of the 29 treated ones infected Only 2 
in tbe group of older goats became infected 
The results of Pouldmg’s experiments do not mdicate that the mjection of 
goats -mth hve B ahorius or with a culture filtrate prepared from B mehfensis 
are of any value m actively unmunizmg them against B mehierms infection 
The prevention of the disease m goats is of sufficient importance to warrant 
contmued study m this direction 

Active immunity in the guinea pig and other laboratory animals acquired by use 

of vaccinal agents 

The gumea pig is perhaps the most susceptible small anunal of all to expen- 
mental infection with any of the three species of Brucella It is known that not 
more than 25 hve B abortus organisms, and 5 or less of B suis when mjected 
subcutaneously, wiU produce extensive gross changes m the gumea pig tissues 
withm a four-week penod of mcubation 
In view of its susceptibihty, the gumea pig affords an ideal preliminary testmg 
ground for immumzmg agents mtended for use on large animals and humans 
However, if an agent should fail to immunize gumea pigs against infection this 
does not necessarily imply that it will hkewise prove meffective when used on 
larger animals On the other hand, if an agent confers on gumea pigs a high 
degree of active immumty, there are precedents for expectmg the same to obtam 
m larger animals when it is used m a suitable dose 
For some reason, the gumea pig has been greatly neglected as a test animal 
for brucella vaccmal agents as mdicated by the small number of published re- 
ports Ascoh was the first to attempt the immunization of gumea pigs agamst 
B abortus infection by the mjection of heat-lolled cultures of the same organism 
Hjs results were negative Similar experiments with the same object m view 
were conducted by Stafseth (1920), Hagan (1922), Schroeder and Cotton (1924) 
Gwatkm (1933), and Holth (1933) All of these workers also failed to produce 
an active immumty m the gumea pig agamst B abortus infection 
McEwen and Roberts (1936) have made the most thorough and comprehensive 
mvestigation of all to determme the value of kiUed and live avirulent culture 
vaccmes for immumzmg the gumea pig agamst B abortus infection Three 
types of vaccme were studied, (1) a suspension of hve organisms prepared from 
a culture of B abortus that was relatively non-mfectious for gumea pigs, (2) 
a heat-kiUed suspension, and (3) a formahn-killed suspension of the same culture 
Different groups of gumea pigs were mjected with smgle and multiple doses of 
vaccme, and were exposed to infection at varymg mtervals after treatment along 
with normal controls The mvestigators were unable to produce active im- 
mumty with the killed vaccmes Then protocols with respect to the immumz- 
mg efficacy of the hve vaccme contam very conflictmg data In certam expen- 
ments, 90 per cent of the treated animals failed to become infected, whereas all 
controls were infected In other experiments performed m a similar manner, 
httle, if any difference was found between the mcidence of infection m the 
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treated and controls McEwen and Roberts considered that loss of the immuno- 
genic antigen in the culture after long cultivation on media might be the con- 
tnbutmg factor to the variation m results An experiment was performed to 
test this hypothesis by passmg the culture through gumea pigs and then com- 
parmg its immumzmg value with one that had been mamtamed on culture media 
In this expenment 1 of the 10 gumea pigs treated with the animal passage culture 
became infected on exposure as compared with 4 out of 10 treated with the stock 
culture Nme of 10 controls exposed at the same time become infected The 
results of this experiment would mdicate that loss of immunogemc property 
of the culture was largely responsible for the vanation of results m the previous 
experiments 

Pennell and Huddleson (1937, 1941) and Stahl, Pennell and Huddleson (1939) 
have used the gumea pig m determining the immunising value of such brucella 
agents as heat-kiUed organisms, hve organisms of an R type, the protem nucleate 
fraction of the cell, a fraction denved from the cells by treatment with trypsm 
and tncholoroacetic acid and by tnchloroacetic alone All of these agents failed 
to protect gumea pigs against experimental mfection A purified and concen- 
trated brucella antiserum was prepared by Huddleson and Pennell (1939) which 
protected gumea pigs against the toxic effects of the toxic fraction by brucella 
but faded to protect them against mfection Kolmer, et al (1939) also suc- 
ceeded m protectmg mice against the toxic effects of large doses of brucella 
organisms through the injection of an antiserum prepared m rabbits, but they 
report no evidence which would mdicate that the mice were protected agamst 
mfection Roman (1938) and Renoux (1939) prepared a soluble antigen from 
B mditensis accordmg to a procedure described by Boivm and Mesrobeanu 
(1934) and claim to have successfully immunmed gumea pigs agamst B melztensts 
mfection They found it necessary to mject the soluble antigen along with a 
hve avirulent culture of B abortus m order to obtam a high degree of immumty 
and, then, only m male gumea pigs Stahl and Hamann (1941) were unable to 
confirm the results obtamed by Roman or Renoux by preparing a soluble antigen 
m the same manner and usmg it m the same dosage m gumea pigs 

Smce no one has succeeded m estabhshmg an active immumty against brucella 
mfection m either cattle or gumea pigs by mjectmg killed organisms, this would 
indicate that either a nuld degree of mfection must be produced m the animal 
before this state is attamed, or that the immumzmg antigen m the cells is ex- 
tremely labile and wdl not withstand the action of physical or chemical agents 

Recently the wnter (1942) has succeeded m obtammg from hve brucella cells 
a water-soluble unmumzmg antigen, and from its study obtamed suflBcient data 
to prove the labile antigen hypothesis 

The water-soluble antigen is obtamed from hve wet cells of either B abortus 
or B suts by crushmg them m a Booth and Green (1938) bactenal crushmg mill 
and removmg the crushed cell fragments by centrifugation at high speed Ethyl 
ether is added to the supernatant to the pomt of saturation as a preservative and 
to kill any hve organisms that might not have been removed 

Dunng a penod of one and one-half years a total of 247 male and female 
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guinea pigs, divided into 25 groups, were treated with 0 5, 1 and 2 mg amounts 
(dry wei^t basis) of the fraction, each pig receivmg the respective dose at m- 
tervals of three days From 16 to 25 days after the last dose all pigs m each 
group, along with an equal number of controls, were mjected subcutaneously 
with live virulent B abortus m numbers varymg from 152 to 3,840 After a 
penod of 4 weeks, the pigs were killed, the mtemal organs examined for gross 
evidence of infection, ttie blood serum tested for specific agglutmins and the 
tissues cultured for brucella Of the total number treated only 9 per cent were 
found infected at the time of necropsy Of 238 gumea pigs used as controls m 
the 25 experiments, 151 (63 per cent) were found infected 

The treated gumea pigs not only failed to show the organism m cultures taken 
from the tissues, but were free from gross tissue changes as well Specific 
agglutinins were seldom, if ever found m the blood serum of those free from 
infection 

Before any degree of immuni ty could be obtamed against experimental B sms 
infection, using a fraction obtamed from B sms, it was necessary to mject 
gumea pigs with 3 successive 5 mg amounts at mtervals of 3 days 

The component m the crushed-cell soluble matenal that is essential for pro- 
ducmg an active immimity is easily destroyed by most antiseptics and by heat 
Phenol m a final dilution of 1 200 and merthiolate m a final dilution of 1 10,000 
m the matenal renders it inactive So also does an exposure to a water-bath 
temperature of 66°C for 30 mmutes 

The r^ults of this study have furnished proof that an active immunity agamst 
brucella infection can be obtamed without the mtervention of the hve organism 
and that the essential immunmng antigen m the cell possesses labile charac- 
teristics 


THE HUMAN BEING 

Active immunity acquired through infection 

In most of the studies of human brucellosis more emphasis has been placed on 
the clmical cases, their detection, and attempts at treatment rather than on a 
study of those that fail to show clmical manifestations of the disease even though 
the results of various diagnostic tests furnish positive proof that infection once 
existed The golden opportumty to accumulate facts relatmg to the nature and 
occurrence of acquired immunity, that was missed from failure to study cases 
after recovery from infection whenever they occurred m animals, hna again been 
presented and lost when similar cases and groups were found m human beings 
Proof of an acquired immunity to brucellosis developmg m human bemgs 
after a clmical or sub-chmcal manifestation of the disease is based largely on 
observations of specific serum and allergic tests and the mterpretation given to 
the f ind i ngs The available data are of sufficient extent to be highly significant 
if they are mterpreted by deductive analysis m terms of acquired immunity 
The laboratory diagnostic procedures which have been most widely used and 
which furnish the most reliable information toward confirming a diagnosis of 
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human brucellosis are the blood culture, the serum agglutmation, the whole 
blood opsomc, and the skm sensitivity tests The results of the last three also 
have been employed m obtainmg valuable information relative to previous 
chmcal and sub-chnical infection The opsonic test, when properly performed 
is a valuable aid to the mterpretation of a positive agglutmation or skm 
test It was pomted out by Huddleson, Johnson and Hamann (1933) that 
when most of the neutroplules m citrated whole blood of a normal mdmdual 
show a marked mgestion capacity for brucella cells, this find in g usually signifies 
a previous infection and a high degree of resistance on the part of the mdividual 
m question to subsequent infection That there are exceptions to this mterpreta- 
tion IS now well known That is to say, the blood leucocytes of a small per- 
centage of chmcal cases will also show a high degree of phagocytosis and likewise 
the leucoc 3 des of a small percentage of those who have long smce recovered will 
show a low mgestion power 

It may be the contention of some that the presence of demonstrable brucella 
antibodies m the blood serum or the presence of specific skm sensitivity to bru- 
cella allergens m a healthy mdividual, with or without a history of chmcal mam- 
festations of the disease, constitutes evidence of continued infection There 
IS, of course, a logical basis for their reasomng, which is that both acute and 
ambulant cases show the same detectable serum antibodies or skm sensitivity 
reactions But when the same type of reactions can be mduced m human bemgs 
by the mjection of the proper agents without producmg the disease itself, is it 
not logical to beheve that after the hve organism enters the body it could also 
mduce specific serum antibodies and skin sensitivity and then be destroyed with 
signs of httle, if any, chmcal manifestation of infection? The wnter does not 
wish to imply that the commonly known brucella serum antibodies and skm 
sensitivity, when found m a normal mdividual, necessarily play an important 
role m active immumty At the present tune they can only be mterpreted as 
some of the signs which constitute proof that the body tissues of an mdividual 
have reacted to the hve organism, and, when present after recovery from the 
disease or m the absence of any known history of the disease, mdicate active 
immuni ty 

Considerable data have been accumulatmg for a number of years from the 
use of the specific tests on large groups of human bemgs The results when 
carefully analyzed pomt m the direction of their sigmficance There is also 
ctrcumstantial evidence of an epideimological nature that can only be mterpreted 
as proof that immuni ty to brucellosis is acquired by many mdividuals from 
exposure to the organism 

Let us first e xamin e, the circumstantial evidence In domg so, it is realized 
that there are many who will view such evidence with skepticism, as unworthy 
of scientific consideration Nevertheless, many important precedents can be 
cited m the history of medicme for not ignormg m this instance the circumstantial 
evidence pomtmg to the existence of an acquired immumty to brucellosis 

Smce the development of accurate diagnosis procedures, from 200 to 500 cases 
of brucellosis have been diagnosed m the inhabitants of Malta each year, the 
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yearly population averaging approximately 220,000 over the past 50 years 
Smce it IS known that the disease on the Island is acquired from dnnking raw 
goat’s Tmik or eatmg products from such milk, that approximately 15 per cent 
of the goats are infect^ with B mehtmsis and that, up to 1938, 90 per cent of 
the people consumed the milk m the raw state, it must be admitted that the 
number who are exposed each year, and year after year without showmg chmcal 
manifestations, is far greater than the number who do This extreme difference 
m the number exposed and m the number known to become clmically mfected, 
instead of bemg considered m ita proper hght, has been used by promment m- 
dividuals, not only m Malta but m other countnes as well, as an argument 
against infective imlk bemg one of the chief means of conveymg brucellosis to 
human bemgs 

Smce B aborius and B suis and them respective hosts, the cow and the hog, 
have become unphcated m the occurrence of human brucellosis m the Umted 
States and other countnes, the same situation as regards wide differences m the 
number exposed to those chmcally infected has been apparent And as m 
Malta, mdividuals have used this widely acknowledged situation to bolster the 
thesis that the consumption of animal products containing either B abortus or 
B suis IS not the chief source of human brucellosis Fortunately, there exist 
data from several surveys and studies on the human bemg with respect to B 
abortus and B suis which, when added together and analyzed, supply evidence 
that more infections have occurred than are apparent Most of them were 
imdoubtedly of a sub-chmcal nature and would not have been detected without 
the use of specific tests apphed to the blood serum or m the skm That these 
mdividuals acqmred a substantial immuni ty to the disease after the mitial 
infection is borne out by then subsequent histones 

If one undertook the task of obtammg information that would aid m explaimng 
why man y mdividuals fad to develop the disease even though they are exposed 
repeatedly to infective materials, he would first examme those m occupations or 
professions who come m contact more often than others with brucellosis-mfected 
ammals or materials The results of such examinations are well illustrated m 
the five foUowmg mvestagations 

Huddleson and Johnson (1930) were among the first to collect enhghtenmg 
data on such a group, which served as the imtial answer to the question of the 
occurrence of acquired unmumty to brucellosis m human bemgs They exam- 
med the blood of 49 practicmg vetermanans for brucella agglutinins and ques- 
tioned the mdividuals as to any past history of chmcal mamfestations of the 
disease Of the total number exammed, 28 (67 per cent) showed serum ag- 
glutmms m a titer of 1 50 or above Only 3 of these gave a past histoiy of a 
s3Tnptom-complex characteristic of the disease From many of the vetermanans 
who showed serum agglutinms, it was learned that small eruptions appeared on 
the skm of the arm used m removmg retamed placenta from cows that had 
aborted At the same time there also occurred a general malaise not unhke the 
symptoms of the disease That these reactions were mamfestations of a brucella 
allergy was proved by the mjection of a specific allergen mto the skm of the same 



134 


I. FOREST HTJDDLBBON 


individuals and producing the same reactions The presence of serum antibodies 
and skm sensitivity m such a high percentage of the mdividuals examined 
furnished mdirect proof that they were at one time infected with brucella 
Their failure to show clmical evidence of the disease, even though exposed 
repeatedly, can only mean that the mitial infection was of a shght nature and 
caused the development of a high degree of acquired immunity 
Additional data, which showed that a large percentage of vetermanans develop 
signs of sub-chmcal infection on exposure to infective matenals and subsequently 
are never subjects of the disease, were obtamed by Thomsen (1931) m Denmark 
He found that 94 per cent of all vetermanans who had been m cattle practice for 
more than one year, showed specific antibodies for brucella m the blood serum, 
and a high percentage m practice for several years also show brucella skm allergy 
after removmg retamed placentas from infected cows Thomsen beheved that 

TABLE 11 


Comparison of the results of the aggluitnatton test with results of other laboratory tests on it 
clinical and 49 subdinical cases of brucellosis 
Huddleson and Hunger (1940) 


UAXIUUU ACOtUTIKATIOM 

41 CUmCJiI. CASES 

49 STTB-CmnCAL CASES 

Neg 

1 iS 

1 50 

1 100 or 
higher 

Neg 

1 25 

1 50 

1 100 or 
higher 

Titers (no ) 

4 

12 

7 

18 

26 

8 j 

6 

9 

Blood culture, positive ^ 

3 

12 

7 

13 

1 

0 

1 

1 

Brucellergen test, negative 

0 

0 

0 

0 

1 

1 

1 

0 

Brucellergen test, positive 

4 

12 

7 

18 

26 

7 

5 

9 

Phagocytosis, low or moderate 

3 

10 

6 

14 

16 

6 

4 

7 

Phagocytosis, marked 

1 

2 

1 

4 

0 

1 

1 

I 2 

Phagocytosis, negative 

0 

0 

0 

0 

10 

1 

1 

0 


the results of the test m the absence of the disease mdicated the existence of an 
acquired immuni ty which came from exposure to infective material after entermg 
practice 

Huddleson and Mimger (1940) exammed a total of 349 college students durmg 
a small epidemic of brucellosis due to B mehtensis for possible evidence of ex- 
posure to infection Four tests were employed, namely, the agglutination, 
opsonic, skm sensitivity, and blood culture to determme the occurrence of clmical 
or sub-clmical infection Not all those exammed had had the same opportumty 
to become exposed The number, therefore, that showed a positive reaction 
to one or more of the tests cannot be statistically analyzed m terms of the entire 
group Of those exammed, 41 were defimte clmical cases There were also 
49 others m whom one or more of the tests mdicated infection, but who contmued 
to remam symptom-free These data (see table 11) mdicate that when a group 
of mdividuals is equally exposed to brucella infective matenal, there will be 
found among them as many who show evidence of infection without chmcal 
manifestations as those who do 
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Dooley (1932) was prompted to examme the blood serums of 263 boys m a 
boys’ school for bruceUa agglutmms after two of them developed chmcal brucello- 
sis due to B abortus Of the total number exammed, 41 per cent were found to 
show agglutmms m titers rangmg from 1 40 to 1 12,000 All the boys, with 
two exceptions, remamed m good health durmg a one-year observation period 
Wilson (1932) exammed two groups of vetermanans, one of which had had 
ample opportumty to be exposed to B abortus by contact with infected animals, 
while the other group had no history of such contacts The agglutmation test 

TABLE 12 


Results of specific brucella tests on groups of humans obtained by various investigators 



GBOUP 

OB- 

fiE&VEO 

LOCATION 

1 

Agglntliiation 

TEST EMPLOYED 

Opsonic 

Skin allergy 

Number 

tested 


Number 

tested 


Number 

tested 

Per cent 
positive 

Meyer, et al (1934) 

V* 

^ California 



100 

1 

74 

68 

60 

Huddleaon, et ol (1937) 

1 V 

Michigan 

49 

^7 

20 

95 

50 

20 

Lerohe and Roth (1933) 

V 

Germany 





44 

1 

Dubois and Sollier (1931) 

V 

France 





14 

29 

Jordan (1931) 

V 

Iowa 

120 

46 





Etselman (1932) 

V 

Kansas 1 

88 

30 





Meyer, et al (1934) 

p* 

California 1 



161 

67 

615 

50 6 

Huddleson, et al (1933) 

p 

Michigan ■ 

167 

11 

167 

24 



Jordan (1931) 

p 

Iowa 

220 

31 


1 



Heathman (1934) 

p 

Minnesota 

1,096 

6 9 



1,096 

65 0 

Lentze (1930) 

F* 

Germany 

67 

23 





Makkawejsky, et ol 









(1931) 

F 

Russia 

354 

7 6 


1 



Meyer, et al (1934) 

F 

Califorma 


1 

30 

57 



Meyer, et al (1934) 

C* 

California 



103 

35 

64 

11 

Levin (1930) 

C 

Oregon 





269 

3 

Huddleson, el al (1933) 

C 

Michigan 





240 

12 6 

Huddleson, et al (1937) 

C 

Michigan 

8,124 

1 2 

8,124 

8 0 

8,124 

10 3 

Keller, et al (1938) 

C 

Tennessee 

1,247 

2 1 



1,247 

4 8 

Angle, et al (1938) 

s 

Missouri 



1 


7,122 

8 7 


* V = vetennanaiiB, P = packing house employees, F = fanners, C =• clinic and hospital 
patients, S = school children 


made on the blood serums of 63 of the former revealed 24 per cent showmg a 
positive reaction, while m the latter group of 36 only 3 per cent showed specific 
serum agglutmms Little, if any, positive evidence was obtamed that those 
who reacted to the agglutmation test had at one tune been chmcally mfected 
with brucella 

Smce 1930 there have been many mvestigations of a survey nature conducted 
on many groups of people by use of specific serum and allergy detectmg tests 
chiefly to learn more about their significance and usefulness m detectmg those 
who were once mfected with brucella The results that have been obtamed m 
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a few of the surveys made on groups of human bemgs through the apphcation of 
one or more of the specific tests are summanzed m table 12 The groups are 
representative of those whose occupations bnng them m close contact with hosts 
of brucella and those m the general population The results of the tests clearly 
demonstrate that the greater the opportumty for exposure to infection, the 
larger will be the number of mdividuals who will show evidence of havmg been 
infected The small percentage of positive reactions foimd by the agglutmation 
test m comparison to the higher percentage obtamed by the skm test is highly 
significant evidence that the majonty had passed through the infection stage 
long before the tests were made Prom the studies that have been made on 
many groups of people it has been shown that only a few of those, who have 
long smce recovered from infection and who contmue to show skm sensitivity, 
will show serum agglutmins m a titer of 1 20 or above And as m the case of 
large animals, such mdividuals seldom, if ever show clmical evidence of infection 
or a considerable mcrease m serum agglutmms on repeated exposure to natural 
infection 

The proof that groups such as vetermanans, certam packmg-house employees, 
farmers and many laboratory workers, who are free from clmical evidence of 
mfection, but react to one or more of the brucella tests, are actively immune 
to the disease rests largely on the evidence that has been adduced from their 
histones It is well known that an mdividual, who shows by the negative char- 
acter of all tests no mdication of ever havmg been infected, cannot long work 
with infected ammalH or infective matenals without showmg some evidence of 
either clmical or sub-clmical mfection So, when groups of people such as 
vetermanans contmue to work year after year in the midst of infective matenals 
without developmg the disease, it is clear evidence that the initial infection, after 
its termmation, confers upon the mdividual a high degree of immumty It is 
true that such persons may show an allergic reaction, the symptoms of which 
closely resemble the disease, on exposure to the organisms or the protem of the 
oiganism by way of the skm, digestive or olfactory tract The allergic reactions 
are seen more often m vetermanans and certam laboratory workers than m other 
groups and have been time and agam mistaken for symptoms of the disease 

When one carefully analyzes all the data that have been collected m the 
numerous surveys on a large number of people by use of the specific tests m 
terms of their histones, the evidence m favor of the occurrence of an acquired 
immumty to brucellosis after clmical or sub-chmcal infection is overwhelmmg 
The only tests thus far employed that have the semblance of mdicators of the 
imr ne state are the slon sensitivity and opsonic tests Smce the infected also 
sh ‘cm sensitivity and opsonins it is obvious that these tests alone cannot 
ah ' be rehed upon as cntera of active immunity The real mdicator of active 
immunity to brucellosis m the case of the human still awaits discovery 

Active immunity in man acquired by use of vaccinal agents 

The man}^ attempts that have been made at vaccmal immunization of human 
bemgs agamst brucellosis are good examples of wasted effort and stabs m the 
dark The attempts have centered around the use of suspensions of one or 
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more of the species of Brucella, killed by heat or chemical agents Instead of 
employmg smtable controls m order to gauge the effectiveness of the vaccme, 
the mvestigators drew a comparison between the mcidence of the disease m 
similar occupational groups before and after treatment In view of what is 
known about the occurrence of sub-chmcal or latent infections, it does not seem 
possible that anyone would attempt to evaluate the efficacy of a vaccmal agent 
from data obtamed m this marmer 

One of the most recent studies of a heat-kiUed vaccme mvolvmg a large number 
of people IS that of Dubois and SoUier (1938) They treated with a heat-kdled 
vaccme 4,022 persons whose occupations exposed them to infected anunals or 
infective materials from such animals Only two cases of infection occurred m 
the entire group durmg a penod of observation varymg from 1 to 8 years after 
treatment Meyer and associates (1934), on the other hand, have presented the 
history of one mdividual who failed to receive any protection whatsoever from 
three mjections of a heat-kdled vaccme They state emphatically that there 
IS no experimental proof that vaccmes prepared from killed bactena are capable 
of conferrmg the least degree of protection agamst brucellosis It may, there- 
fore, be said that there is as yet no safe and effective vaccme for human use A 
smtable one would occupy an important place m the prevention of the disease 
m those m hazardous occupations and m the general population of countries 
where sanitary practices meet with almost msurmountable obstacles 

RECAPITULATION 

A cntical analysis of the data now avadable pertaining to immumty m brucello- 
sis furnishes convmcmg proof that such a state can be demonstrated m animals 
and man In the bovme there appear to be two types of immunity, (1) a so- 
called "natural immumty” that functions m young animals up to or near the 
begmmng of ovulation, (2) an acquired immunity usually developmg m unbred 
heifers and cows and requirmg for its stimulus the presence of hve organisms m 
the body or the mjection of a labde immunogemc constituent of the bactenal ceU 

When virulent organisms enter the body of young animals under natural 
conditions or are mjected m small numbers, they remain for only a short time 
and cause httle, if any, reaction on the part of the tissues Only when large 
numbers of organisms are mjected is sufficient reaction provoked to cause the 
appearance of serum antibodies m a high titer, and even then such antibodies 
persist for only a short time 

A large percentage of normal non-pregnant heifers and cows, when exposed 
to brucella infective matenal instead of becommg actively mfected, develop a 
high degree of active immumty^agamst subsequent exposures From the small 
amount of data now available it would appear that the immumty acquired 
through the infective process persists for more than 5 years 

When human bemgs are exposed to brucella, a large percentage of those ex- 
posed fail to show any chmcal evidence of the disease, but do develop specific 
serum antibodies and skm sensitivity, and m some instances to the same degree 
as those chmcally infected 

When antibodies or skm sensitivity are found present m healthy 
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state of active immunity is mdicated No convmcmg data have yet appeared 
pertaining to the presence of active immunity m persons who fail to show a 
reaction to one or more of the specific tests 
Although the demonstration of specific antibodies m the blood serum or 
specific skin sensitivity m normal human bemgs cannot be considered as the 
final and always certam means of detectmg those who are actively immune to 
brucellosis, they will have to be accepted and utihzed for what they are worth 
until the real mdicator of active immumty can be discovered 
In the hght of our present knowledge it appears that the commonly known 
brucella serum antibodies are by-products ansmg from the reaction between 
antigen and body tissues, and have no proved function m the active immumty 
mechanism 

From the facts now available it may be stated categoncaUy that the possibdity 
of animals and human bemgs acquirmg an active immunity to brucellosis 
through infection is no longer a h3T}othesis but a demonstrated fact 
There is now conclusive proof that an active immumty can be established in 
adult cattle against brucellosis by mjectmg them as calves with hve B abortus, 
the vaccme bemg prepared from a culture of low virulence The duration of 
the immunity produced m this manner has not been dete rmin ed conclusively 
Although it seems highly probable that human bemgs could be immunized 
against brucellosis, there is up to the present time no convmcmg proof that an 
agent for this purpose has been developed 
The possibihty of an active immumty occurrmg m swme to B suts, the m- 
fectmg species, has not been considered m this review due to the fact that no 
information is available Very httle is known even about the course of the 
disease under natural conditions It has long been recognized that swme 
brucellosis is an important economic disease, and that the infected hog is a 
reservoir from which the disease is acquired by human bemgs and other animals 
The well-planned research program on swme brucellosis now bemg undertaken 
at federal and state experiment stations, if contmued, should furnish information 
on the course of the disease and its immunological aspects that is now so badly 
needed. 

Smce there are three known species of Brucella, and each may infect species 
of animals other than the one m which each is commonly found, it would seem 
essential to the successful apphcation of measures to control the disease to know 
whether recovery from an attack of one species of BruceUa, or vaccmal immuniza- 
tion with one species will afford protection against the other species In the 
case of human bemgs, it ha-q been observed reputedly m many laboratories that 
those who have developed an immun ity as a result of a clmical or sub-clmical 
infection with one species, may freely work with the others without becommg 
infected This observation has been made so many tunes m several laboratones 
that it now seems certam that an immumty which is produced by one species 
will protect against an infection by the other two There are also experimental 
data which show that the gumea pig can be immunized against B abortus infec- 
tion by treatment with the crushed cell fraction denved from B suts as well as 
from B. abortus 
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Quand on a formt dans sa t&te an de ces systhnes qui demandent A 6tre vtnfiks par 
Vexptnence, il ne faut ni s’y attacker opirudtrhnent, ni I’abandonner avec Ugbreti 
On pense quelquefots de see conjectures qu’elles sontfausses, quand on n'a pas pns les 
tnesures convenahles pour les trouver vraies A force de multiplier les essais, si Von 
ne rencontre pas ce que Von cherche, il pent arriver qu'on rencontre mieux J amais le 
temps qu’on emploie A interroger la nature n’esl entihrement perdu — De Vlnterprkta- 
lion de la Nature, Denis Diberot, 1764 


If one examines the developmental history of botany and zoology, three 
major epochs become apparent Durmg the first, the natural histoncal penod, 
plants and animals were subjected to a broad survey through which their sahent 
characters and general conditions of existence were elucidated This merged 
almost imperceptibly mto the second period of systematization, which was 
occupied with a detailed study of ecologj’^, morphology and systematics and with 
the fittmg together of the assembled data It was only after this second phase 
was far advanced that the third, experimental, penod began 

Judged agamst this background, bactenology has had a highly atypical de- 
velopment The natural histoncal penod m this division of biology got under 
way only m the nuddle of the 19th century, far behmd its sister sciences, and 
progressed slowly but surely for some fifteen years Suddenly, largely through 
the experimental and mtellectual gemus of two men, Pasteur and Koch, the 
young science was catapulted mto its third penod and underwent an expansion 
dunng the last decades of the 19th century which, it is hardly too much to say, 
altered radically the conditions of physical existence m Western civilization 
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By 1900, the biotechnical applications of bactenology had reached a level not 
3 '^et attained m botan}'' and zoology 

One cannot deny the value of what has been accomplished m this way, but 
the unfortunate and mevitable consequence has been that most bactenologists 
have centered their attention on thirty or forty important eubactenal parasites 
to the virtually complete neglect of the remammg thousands of species Hence 
even today, our understanding of bactena as biological entities remains frag- 
mentary and disorganized Morphology, taxonomy, ecology m the wider sense— 
none of these phases has even been surveyed, let alone developed in a systematic 
way The consequent deficiencies m our fundamental knowledge are a con- 
tmual source of misunderstandmg and a bar to further scientific development 
whose senousness is only now beginning to become generally realized A stnk- 
mg example of the ill effects which have resulted from this one-sided expansion 
IS provided b}'^ the work of the past twenty 3 ’^ears on the cytophaga group 

These orgamsms were first recogmzed by Hutchinson and Cla 3 d;on m 1919, 
and smce that tune have been studied by a considerable number of workers 
The primary mterest of the cytophagas has lam m their importance as one of 
the most active and widespread groups of cellulose-decomposers,’ but the 
fascinating morphological, cultural, biochemical and taxonomic problems which 
they present have helped in no small measure to attract the attention of bac- 
tenologists 

While much remains to be done, particularly from the biochemical stand- 
pomt, it can be said today mth fair confidence that most of the outstandmg 
problems connected with the cj'tophagas have been at least partially solved 
In the mam, these problems have really been extremely simple, much of the 
data necessary’' for their solution was already present m the classical paper of 
Hutchinson and Clayton Yet such topics as the cycle of development, the 
sj'steraatic position and the carbon nutntion of these orgamsms have puzzled 
and confused able mvestigators and provided the matenal for more than one 
scientific controvers}'’ dunng the past twenty years The reason for this slow 
progress can only be sought m our deficient basic knowledge, a handicap against 
vhich even the best bactenologist must struggle m vain 

For the purposes of bnef charactenzation, one maj’’ say that the cytophagas 
are pnmitive mj’xobactena vhich differ from aU other members of the class 
through their mabihty to form organized, discrete fruiting bodies Certain 
species produce sphencal umcellular reproductive structures known as microcysts, 
vhich are verj’' similar m appearance and mode of formation to the microcysts 
of the higher genera Myxococcus and Chondrococcus, but which he scattered at 
random among the vegetative cells mstead of bemg grouped mto orgamzed 

- The 'ictinties of the 03 tophaga group under natural conditions is a topic which deserves 
a chapter to itself Hon ever, I have omitted all mention of this subject because an ade- 
quate treatment necessanij involves extensive discussion of the methodological principles 
underljing soil microbiological research, which is not germane to the present work 
Readers interested in this phase should consult Waksman (1932, 1940), Winogradsky (1929, 
193S), Jensen (1940) and A'orman and Fuller (1942) 
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structures Other species never form microcysts, existing entirely m the 
vegetative state 

The use in the following pages of the genenc designation Sporocyiophaga, recently pro- 
posed (Stanier, 1940) for the microcystogenous species, restncts Winogradsky’s (1929) 
genus Cylophaga, which several students have used to cover the whole group, to the amicro- 
cystogenous forms alone However, where descriptive terms such as “the cytophagas” or 
"the cytophaga group” are mentioned, it should be understood that they apply to all 
species, both microcystogenous and amicrocystogenous This usage, while not strictly 
correct, has been employed in the past and has the advantage of convenience 

There are only two comprehensive pubhcations on the cytophagas That of 
Wmogradsky (1929) has been superseded by later work, while the more recent 
contnbution of Imsenecki and Solntzeva (1936) is m Russian and thus largely 
unavailable to mvestigators outside the USSR Consequently it has seemed 
desirable to combme the report of my own work with a review of the earlier, 
somewhat scattered and often contradictory hterature A monographic treat- 
ment has been adopted, brmgmg together old and new information m a logical 
rather than a histoncal sequence 


METHODS 

Enrichment cultures 

The cellulose-decomposmg sod c 5 i;ophagas can be ennched with a medium 
consistmg of cellulose (usually m the form of filter paper) and a neutral or shghtly 
alkahne mmeral base conta inin g either ammomum or mtrate salts as nitrogen 
source The exact composition of the mmeral base seems to have little impor- 
tance, and many vanations have been proposed b}’’ different workers In mj’- 
studies the followmg formula has proved satisfactory’- 


(NH 4 )jS 04 or KNO, 

0 1 g 

KjHPO, 

0 Ig 

MgSOi 

0 02 g 

CaCl, 

0 01 g 

FeCl, 

0 002g 

Tapwater 

pH adjusted to 7 0-7 5 

100 ml 


The ennchment cultures should be mcubated under aerobic conditions at 
temperatures which can he between 20 and 30 C Hutchmson and Cla 3 d.on 
(1919) and others have used a hquid ennchment medium, but this is somewhat 
disadvantageous m that, owing to its accumulative nature, it -tends to yueld only 
one species, Sporocyiophaga myxococcoides Markedly supenor is the separative 
ennchment techmque mtroduced by Wmogradsky (1929), m which plates of sdica 
gel, washed sand or agar, contammg the mmeral base, are covered wTth filter 
paper and inoculated at regularly spaced mten’als vith small particles of soil 
Usually only’ one or two tyqies of cellulose-decomposer -will develop around each 
soil particle, and thus a vanety"- of forms can be obtamed at once m a fair condi- 
tion of punty- The cytophagas appear on such plates after 4 to 5 day’s’ mcuba- 
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tion at 30 C m the form of small yellow, orange or pink mucoid spots on the 
filter paper In the course of a week these spots mcrease m size and often 
become translucent due to the complete dissolution of the fiber structure within 
them This translucency is highly characteristic of c 3 d;ophaga colomes, since 
there are no other cellulose-decomposmg organisms which effect such a complete 
dismtegration of the substrate m so short a tune 

Winogradsky considered that silica gel possessed great advantages over agar for ennch 
ment plates I have used both, and cannot subsonbe to this opinion Agar, particularly 
if purified beforehand by washing with cold water for 10 to 14 days (a process which removes 
much of the extraneous orgamc matter) provides a base almost as selective as sibca gel but 
without the inconveniences of preparation which encumber the use of the latter substrate 
Most of the difficulties in the plate ennchment method are caused by overgrowths of fila- 
mentous fimgi and actinomycetes, which can be reduced to a very low level by keepmg the 
filter paper saturated with water For this reason, plates with an agar concentration of 1 0 
per cent are advantageous, smce they dry out more slowly than ones with a higher per 
centage of agar 

There are mdications (Johnson, 1932) that chitm-decomposmg organisms 
belongmg to the genera Cytophaga and Sporocytophaga can be isolated from 
terrestrial environments by the use of an ennchment medium with chitm as sole 
source of carbon and mtrogen, unfortunately, this work was of a prehmmary 
nature and the subject has never been remvestigated 

No smtable ennchment method is at present known for the manne cytophagas 
Although occasionally identifiable morphologically m marme agar ennchment 
cultures, they are far outnumbered by the eubactenal agar-decomposers and 
do not appear on streaked plates 

Pure culture techniques 

Vigorous ennchment cultures of the soil cytophagas can be obtained m a state 
of fair punty, particularly by Wmogradsky's method, but the purification of 
these, as of so many other cellulose-decomposing bactena, has presented great 
difficulties which have only recently been overcome Consequently, some 
workers (Wmogradsky, Krzemieniewska, Walker and Warren) have contented 
themselves with the study of avowedly impure cultures, m fact Winogradsky, 
rejectmg the bacteriological doctnnes which have held sway smce the time of 
Robert Koch, has even developed what one might term a philosophy of impure 
cultivation (1938) In the case of the cytophagas this procedure is satisfactory 
for morphological and general biological observations, smce contammating organ- 
isms (apart from other cellulose-decomposers) are kept at a very low level by 
the selective nature of the medium emplo 3 ’’ed and can m an}’' case be differentiated 
morphologically from the distmctive cytophaga cells When it comes to studies 
on nutntion and metabolism, however, pure cultures are a sine qua non 

Hutchinson and Clayton (1919) claim to have obtained pure cultures of 
Sporocytophaga myxococcotdes {= Spirochaeta cytophaga H and C ) by the use 
of mmeral agar plates containmg finel}’’ divided cellulose Since at first they 
regarded the microcysta of this organism as a contaminant, they spent much 
effort m attempts to separate it from the vegetative cells, the whole report of 
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tbeir isolation procedure is confused by this, and it is not easy to tell at what 
stage the real contaminating forms were eluninated The statement that 
butjnnc acid was among the products of cellulose decomposition by S myxococ- 
coides makes it doubtful, as pomted out by Winogradsky (1929) and Imsenecki 
and Solntzeva (1936), whether their cultures ever were actually pure Smce 
acidic products have never been found by other workers as a result of cellulose 
decomposition by cytophagas it is not impossible that Hutchinson and Clayton’s 
cultures were contammated by butync clostndia 
Bokor (1930) also employed mmeral agar plates contammg fineb^-divided 
cellulose, on which he claimed to have obtamed pure cultures of S myxococcotdes 
However, his stram was clearly contammated with an actmomycete, which he 
took for a stage m the life cycle of the cytophaga 
Stapp and Bortels (1934), agam employmg poured cellulose agar plates, 
were the first to isolate mdubitably pure cultures of 5 myxococcotdes Their 
success where others had failed was probably due to the use of a low agar con- 
centration which, as shown later by Jensen (1940), is a factor of cardmal im- 
portance However, the same technique proved unsatisfactory for the isolation 
of anucrocystogenous cytophagas This is diflBcult to understand m view of 
the successful outcome of similar attempts by Jensen and myself Smgle-cell 
isolation, the “negative” method of Wmogradsky, and the dilution method gave 
no better results Stapp and Bortels finally reached the conclusion “dass die 
Gewinnung von Remkulturen bei diesen Cytophaga-Aiten emfach mcht moghch 
ist”, and fell back on the hypothesis that the anucrocystogenous forms hved 
“symbiotically” with non-cellulose decomposers, an hypothesis smce exploded 
by Jensen This “symbiotic” effect has also been invoked by workers with the 
anaerobic cellulose-decomposers as a last resort to explam failure m obtaimng 
pure cultures Such claims should, m my opmion, always be taken with a gram 
of salt In the ultimate analysis a symbiotic effect is explicable on either phys- 
ical or chemical grounds or a combmation of both so that with suflBcient per- 
sistence and mgenmty a separation of the two forms should be possible In 
any case, the body of evidence adduced does not yet brmg conviction that a 
true example of mutuahstic symbiosis exists among the cellulose-decomposmg 
bactena 

A new method for the purification of rmcrocystogenous cytophagas was 
developed by Imsenecki and Solntzeva (1936) It takes advantage of the fact 
that microcysts show a shghtly greater thermal resistance than the non-spore- 
fomung eubactenal contammants, so that by heating of microc5'^st suspensions, 
repeated if need be, the latter can be elimmated The authors reported lack of 
success with other methods 

Jensen finally evolved a completely satisfactory method, usmg poured plates 
of cellulose-agar, by means of which he readily obtamed pure cultures of a num- 
ber of strains of Sporocytophaga and Cytophaga He found that the cntical 
factors, presumably neglect^ by earher workers, were a low agar concentration 
and a verj-^ finely divided cellulose suspension The latter was prepared ac- 
cording to the method of Scales as modified by I^alnms (1930) 

Followmg Jensen’s directions, I have had no difficulty m purifymg several 
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strains of S myzococcoides, C hutchinsomt and C nihra The reasons for the 
success of this technique are not hard to discover The cytophagas have to be 
m direct contact with cellulose m order to attack it, so that unless the cellulose 
IS very finely divided and evenly dispersed throughout the medium it will be 
largely unavailable to them The use of a weak agar gel allows creepmg move- 
ment to take place, so that the orgamsms, mstead of bemg confined to a small 
area where the food supply is rapidly used up, can creep outwards m all direc- 
tions through the agar Contammatmg flagellated bactena, on the other hand, 
cannot move through a 1 0 per cent agar gel (unless possessmg the abihty to 
hquefy agar) and are thus immobilized and locahzed This mterpretation is 
borne out by the appearance of the growth c 5 dophagas never occur as macro- 
scopically visible colomes surrounded by areas of cellulose dissolution, such as 
one finds with other cellulose decomposers Instead, spreadmg, translucent, 
yellow or pink “wmdows” are formed, within which there is an even, thm 
distnbution of cells There is never any evidence of enz 3 Tnatic zones around 
these “wmdows”, attack on the cellulose takes place only m the immedate 
neighborhood of the organisms In view of the discovery (Stamer, 1942c) that 
the cytophagas can be grown with glucose stenhzed by filtration as a carbon 
source, the purification procedures can now be simphfied even further b}’' streak- 
ing either directly from enrichment cultures or from the first poured cellulose 
plates onto filtered glucose agar plates 
For the mamtenance of stock cultures, tubes of liquid media with stnps of 
filter paper partly immersed have been umversally used If kept at room 
temperature such cultures wiU remam viable for at least three months 
The purification of the marme cytophagas offers no difficulties, smce they 
grow well and spread rapidly on sea-water peptone agar This medium, when 
buffered with CaCOa to counteract the acidity resulting from agar decomposition, 
is also the best for stock cultures In the absence of CaCOs cultures die after 
a week or two 


M ethods of moryikologicdl examination 

The extremely low retractility of vegetative cytophaga cells, coupled ivith 
their growth in and on a solid substrate, makes the observation of hving prep- 
arations in the light field very difficult This was partially remedied b}’’ the use 
of cellophane as a substrate (I'Crzemiemewska, 1933, Stapp and Bortels, 1934) 
Stapp and Bortels also resorted to dark-field illummation Smce the discovery 
of growth on glucose the problem has been much simplified, and I have made 
almost all my observations on living cells of the soil cytophagas from glucose 
cultures The above difficulties do not apply to the marme cjdophagas with 
their less restncted nutnent requirements and greater size 
A second problem where morphological studies are concerned has been that of 
findmg suitable stainmg methods The majority of conventional bacteriological 
stains are entirety unsatisfactory Hutchmson and Claj’ton obtained fair re- 
sults wnth hot carbol-fuchsm, but this stam leaves masses of color on the cellulose 
fibers and the shde An excellent method, exolved by Wmogradskj’’ (1929), is 
the use of phenol-erythrosm followed by dilute aqueous gentian violet, which 
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stains cells verj'^ intensely while leaving cellulose almost colorless Krzemieniew- 
ska (1930) mtroduced the use of Giemsa’s stam, sometimes followed by tanmn 
differentiation The methods of both Wmogradsky and Krzemiemewska can 
he used to demonstrate the behavior of chromatin material dunng microcyst 
formation, givmg similar cytological pictures I have found Wmogradsky’s 
stam to be preferable 

The method of fixation is also important Heating of wet smears, as is customanly 
done by bacteriologists, will result in gross distortions like the “spirochaetal” artefacts 
Wmogradsky allowed his preparations to dry and then fixed them by immersion in 95 per 
cent ethyl alcohol, “que I’on brflle en soufflant plusieurs fois dessus au moment mfeme oh 
il s’allume” Even better, in my expenence, is fixation of the moist preparation by ex- 
posure to osmic acid vapors However, as will be discussed later, none of these methods 
successfully preserves the shape of the hving cell Fixation and staining should be used 
only if one wishes to observe the changes in chromatin matenal accompanymg microcyst 
formation or the arrangement of the cells on attacked fibers, for the rest, it is safer to depend 
on the examination of living cells 

It IS almost impossible to obtam good stamed preparations of the marme 
agar-decomposmg cytophagas If smears are made with tap or distilled water 
the orgamsms become distorted, while smears with 3 per cent NaCl or seawater 
undergo equally undesirable plasmolytic changes on drymg Of all the methods 
tned, negative staimng with a saturated aqueous mgrosm solution gave the 
best results 


MORPHOLOGY AND LOCOMOTION 

The vegetative cells 

The vegetative cells of the cytophagas are slender, gram negative rods charac- 
tenzed by an extreme flexibihty, which is far greater than that of most other 
mj^cobactena Another outstandmg feature, particularly of the soil cytophagas, 
IS the already noted low refractility, which makes living cells hard to see This 
has been attnbutedby Wmogradsky (1929) to their small size, however, stamed 
preparations show that their dimensions are not less than those of many easily 
visible true bactena The low refractihty is perhaps caused by the absence of 
a cell wall 

The opmion expressed by Wmogradsky and most subsequent mvestigators 
that normal cytophaga cells are spmdle-shaped and pointed is mcorrect When 
examined tn the Itmng state none of the species which I have studied conform to 
this description Livmg cells of soil and marme cytophagas alike are only very 
shghtly (if at all) spmdle-shaped, and have rounded ends for the most part 
Wet mounts prepared from cultures grown under many different conditions, 
RTcspective of whether they are observed with light- or dark-field lUuramation, 
never fit the classical descnption It is only in fixed and stamed preparations 
that the fusiform cell shape becomes apparent, m such preparations xurtually 
cxery cell is spindle-shaped and pomted This mdicates the danger of assuming 
that techmques devised for the study of eubactenal forms can be used equally 
veil for other bactenal groups True bactena, because of their ngid cell walls. 
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may be studied morphologically from stamed mounts without much chance of 
error, the fragile cells of the cytophagas (and also of other m3ncobactena) hecome 
grossly distorted when fixed and stamed m the customary bactenological manner 

Healthy, hvmg cells are usually straight or shghtly curved, although marked 
deformations occur durmg locomotion and flexmg movements The spirally 
twisted filaments descnbed and figured by Hutchinson and Clajdon (1919) for 
S myxococcotdes are artefacts, as I have suggested before (Stamer, 1941) 
Among the soil cytophagas they can never be found among hvmg cells and are 
extremely rare m carefully prepared stamed mounts, particularly if osrmc acid 
fixation of the wet preparations be used and heatmg avoided Similar artefacts 
are conspicuous m mgrosm preparations of C krzemtemewskae 

Division IS mvanably by constnction The two daughter cells gradually 
draw apart, while the connectmg cytoplasm becomes thinner Among the 
cytophagas this characteristically myxobactenal mode of division can be seen 
most clearly m the large cells of C krzermeniewskae 

In old cultures of C dtffiuens long, threadlike involution forma are common (Stamer, 
1940) They can also be found in cultures of the soil cytophagas, especially when peptone 
or yeast extract is supplied as nitrogen source, and in old cultures on glucose Another 
t 3 T)e of involution form common in the amicrocystogenous soil cytophagas (Krremi 
emewska, 1933) and in C krzeTmentewskae consists of round, swollen bodies superficially 
resembbng miorocysts, but only faintly visible m the unstained condition and with weak 
staining properties 


Microcyst formahon 

Several of the early workers on aerobic cellulose decomposition — ^van Iterson 
(1904), Merker (1912), von Gescher (1922), L6hnis and Lochhead (1923) 
observed m their ennchment cultures a large coccoid form, which often entirely 
covered the fibers as a “Mikrokokkenschleim'’ This organism was not obtamed 
m pure culture, and opimon as to its actual role m the decomposition of cellulose 
vaned Van Iterson considered it to be a non-cellulose-decomposmg imcro- 
coccus whose presence favored the activity of a highly motile, non-sporefomung 
rod. Bacillus femigtneus, which he held to be the active agent of cellulose break- 
down Merker, on the other hand, regarded the coccus as the cause of cellulose 
decomposition in his cultures, m token of this he gave it the name Micrococcus 
cytophagus 

These findmgs were clarified by the work of Hutchinson and Clayton (1919) 
In common mth the earher mvestigators, Hutchinson and Claydnn found a large 
coccus-hke form m many of their enrichment cultures, occumng along with thin, 
flexible rods (the vegetative cytophaga cells) which, presumably because of their 
low refractiht}’", had been overlooked by van Iterson and Merker Dunng the 
course of punfication these two forms persisted together, usually m young cul- 
tures the rods predormnated, but m the course of time the cocci appeared and 
were ultimately present m large numbers All attempts to separate them were 
fruitless The crucial experiment, which finally convinced Hutchinson and 
Clajdon that rod and coccus belonged to the hfe cycle of a smgle organism. 


THE CTTOPHAGA GROUP 


151 


consisted of the preparation of two consecutive sets of dilution cultures In 
one of the highest dilutions of the first set an apparently pure growth of the rod 
form was obtamed A second series was immediately prepared from this, but 
after four days’ growth even the highest dilutions of the second set contamed a 
mixture of rod and coccus On the assumption that these two forms were 
separate entities, this would have implied a concentration of 40,000,000 coccus 
forms per millili ter of moculum, such a large number could not possibly have 
been present, however, without bemg observable 

Once convinced of the causal relationship existing between these two forms, Hutchinson 
and Clayton began a search for intermediate stages They observed a series of forms which, 
startmg from the thm sinuous rods, became progressively shorter and thicker At the 
same time, staining showed that the originally evenly distributed chromatin matenal had 
undergone a condensation, finally takmg up a central position in the cell in the form of a 
transverse band Following this stage it was claimed that transverse fission occurred, the 
two resultmg oval cells (each with a round excentnc chromatin body) gradually changing 
mto the coccoid form, which m the mature state stamed evenly and intensely Return to 
the rod form was figured as occumng by release of the typical long thin vegetative cell 
from the intenor of the coccus The designation of “sporoid” was given to the coccoid 
form, since the authors felt that “ the use of the term ‘ cyst’ might imply more than is perhaps 
warrantable at the present time ” 

Here the matter remained until 1929, when Wmogradsky published the re- 
sults of his extensive studies on aerobic cellulose decomposition By the use of 
lus supenor separative ennchment technique he isolated a senes of species whose 
vegetative morphology was similar to that of Spirockaeia cyiophaga, but none of 
which formed sporoids One of these appeared to be identical with Hutchmson 
and Clayton’s organism m all other respects Wmogradsky apparently saw 
large coccoid bodies m some of the cytophaga colomes on enrichment plates, 
but regardmg them as contammants he passed such colomes by m favor of others, 
considered smulax, which showed only the rod form Wmogradsky recogmzed 
that his organisms differed sharply from the true spirochaetes, and proposed the 
new genenc name Cytophaga for the group The type species was given as 
C hutchinsomi, the non-sporoidformmg organism which Wmogradsky regarded 
as identical with Spirochaeta cytophaga 

The conflictmg results of Hutchmson and Clayton and of Winogradsky were 
soon clarified by Krzemiemewska (1930, 1933), whose careful and exact morpho- 
logical studies established the existence of two species of Cytophaga, superficially 
very similar but diffenng m their cycles of development In its mam outhnes, 
she confirmed the work of Hutchinson and Clayton with respect to the develop- 
niental cycle of Spirochaeta cytophaga, estabhshmg at the same time the absence 
of a sporoid stage m Wmogradsky’s Cytophaga hvichinsonii She was able to 
follow m detad the germmation of the sporoids and their transformation mto 
vegetative ceUs, thus decisively refutmg Wmogradsky’s contention that these 
bodies were ordmary cocci present as contammants Like the English authors, 
she noted the shortemng and roundmg up of the vegetative cells and the con- 
comitant changes m the distnbution of chromatm matenal, which she exammed 
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With great care (For cytological details, see I^rzemiemewska, 1930) How- 
ever, she was unable to confirm the claim that transverse fission occurred at one 
stage of sporoid formation This claim w'as probably based on the observation 
of two contiguous cells at the same stage of development with a polar distribu- 
tion of chromatin m the neighbonng ends, I have seen such an arrangement on 
several occasions, and it resembles closely Hutchinson and Clayton’s illustra- 
tions of “dmding” intermediate forms 
The process of germmation as obsen^ed b}*^ Krzemieniewska differed from that 
suggested by Hutchmson and Cla 3 don The sporoids, surrounded bj’’ a mucoid 
sheath, first showed a renewed segregation of the chroraatm matenal mto dis- 
crete mtracellular bodies, foUowmg this, the mucoid sheath disappeared from 
one side and the enclosed cell emerged and underw ent a slow elongation to be- 
come once more a vegetative cell During cell elongation the chromatm went 
through a senes of changes of unknowm sigmficance, which ultimately resulted 
m an even dispersal throughout the cell 
Krzemieniewska recogmzed the similant}'^ of this developmental cjmle to that 
which occurs m mj^xobactena belongmg to the family Myxococcaceae, and for 
this reason she renamed Hutchmson and Clajdon’s organism Cytophaga myxo- 
coccoides To the sporoid she gave the more accurate designation of microcyst 
At first Wmogradsky (1932) discounted Krzemiemewska’s findmgs, but ulti- 
mately he accepted them (1935) Smce then the developmental cycle thus estab- 
lished has been confirmed by a number of workers, although there have been 
differences of opimon as to the exact mechanism of microcyst germination 
Stapp and Bortels (1934) have descnbed the outgrowdh of the vegetative cell 
from the mam bodj^ of the microcyst, w^hich gradually decreases m size and is 
ultimately thrown off as a inmute sphencal body Much the same type of 
germmation has been descnbed by Imsenecki and Solntzeva (1936) both for 
S myxococcoides and for S elhpsospora, a new species discovered by them 
Issatchenko and Wakengut (1932), on the other hand, claim to have seen the 
vegetative cell Isung m the form of a rmg within the microc 3 "st, from which it is 
released later M 3 '’ own studies on microcyst germmation in S myxococcoides, 
based entirely on the exammation of wet mounts, support ICrzemiemewska’s 
account of the process In such wet mounts the castoff sheaths formerly en- 
closmg microc 3 'sts look somewhat hke mature microcysts containmg nng-shaped 
vegetative cells, at least on superficial exammation The conclusions of Is- 
satchenko and Wakengut may have been based on the mismterpretation of these 
bodies 

Stapp and Bortels were the first to obsenm the mterestmg phenomenon of star 
formation (“Stembildung”) In many liquid cultures there occur round masses 
of close-packed cells sometimes as much as 30-40 p. m diameter On careful 
exammation the cells can be seen to radiate out m all directions from the center 
of the mass The structure bears a cunous superficial resemblance to a chalk 
sphaerohte, this is particular^'’ well sho'wn by the dark-field photomicrograph m 
Stapp and Bortels’ paper These authors occasionally found transitional forms 
between vegetative cells and microc 3 'sts withm stars from cultures of S myxo- 
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coccoidcs, and drew the conclusion that stai formation w^as in some w^ay con- 
nected with microcj^t formation This is a tempting hypothesis, since it implies 
that the stars might be homologous wnth the organized fruiting bodies of the 
higher m3'A.obactena , how^evei, I do not believe that it is valid I have e\am- 
ined a large number of stars from cultuies of S myxococcoidcs, and although they 
occasionally contain transitional forais, the number is not greatei than among 
the surroundmg unorganized cells Furthermoie, star foimation is extremel}'' 
marked in cultures of the maime c^dophagas, which never form microcifsts 
It IS probabl}' a phj'sical phenomenon, peihaps connected wnth slime secietion by 
cells growing m a liquid medium 

T\Tiat, m general, are the conditions for microc3'6t foimation? Imsenecki 
and Solntzeva found that the piocess was suppressed under conditions of low 
oxygen tension, a fact which I can fulb' confirm Onl3’- m those portions of 
cultures freel3’’ exposed to the air does widespread microcyst formation occur A 
second important factor, not appaientty pi-eviously recognized, is temperature 
Microcysts are formed most abundantl3'^ at 30 to 35 C, w'hile at 20 C the process 
may be entirel3’- suppressed Strains maintained contmuousl3’- at loom tem- 
perature ma3'’ not form microc3'^sts for months at a time, but w'hen placed at a 
higher temperature the process becomes established again 

Imsenecki and Solntzeva have suggested the possibiht3'- of obtaining amicro- 
cystogenous races, although they were not actually successful m so doing, by 
keepmg cultures continuously at a low”^ ox3'-gen tension However, the gradual 
dimmution of microc3'-st formation in pure cultures, even under optunum con- 
ditions, IS a very marked phenomenon Only in still impure or recently purified 
strains of S myxococcoides can one obserxe the t3’’pical picture of a “Mikro- 
kokkenschleim” around the cellulose fibers, as illustrated in figs 1 and 2 Nevei- 
theless, with one possible exception none of the strains of Sporocytophaga which 
I have studied has lost completeb'^ the abilit3’' to form microc3'sts The possible 
exception was a strain oiiginall3'' xmry similar to S eUtpsospora isolated by Di 
H L Jensen and sent to me with the comment that it appeared to have become 
non-microc3^tforming I wms likewise unable to find microc3''sts, but unfortun- 
ately the orgamsm died off before iigorous tests could be made From the 
taxonomic aspect this is an unpoitant problem, w'hich should be carefully in- 
vestigated in the future 

The resistance of raicrocysts to adverse conditions is very slight Krzemieniew ska 
(1933), who first investigated this, reported that the thermal death point of the microcysts 
in 5 myxococcoidcs was 62 C, while that of the vegetative cells was 58 C Imsenecki and 
Solntzeva (1936) have given the somewhat higher figure of 68 C for the microcysts in this 
^ecies, but the 3 found development from suspensions heated to 64 C and 66 C to be erratic 
Ine thermal death point for microcysts of S elbpsospora is 68 C (Imsenecki and Solntzeva) , 
no figures for the vegetative cells of this species are available 

Cultures of Sporocytophaga are remarkably resistant to drying, Imsenecki and Solntzeva 
report development after 60 days’ desiccation, Krzemieniew ska after six months How- 
e'er, the preparations used contained vegetative cells, and hence the role played by micro 
cjsts IB not certain Krzemieniew ska found that the vegetative cells could survive 16 

nrs drjing, but she did not continue the expenment over a longer penod 
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by later workers Stapp and Bortels (1934) and Imsenecki and Sointzeva (1936) 
finally showed that locomotion among the sod cytophagas was of the creepmg 
t3T)e characteristic of myAobactena This was subsequently confirmed m the 
marme forms (Stamer, 1940) 

The failure of Hutchinson and Clayton and of Wmogradsky to observe defimte 
movement is now understandable, myxobactena are always completely immotile 
when suspended m a hquid For motdity to occur, it is necessary for the cells 
to be m contact with a surface, either sohd or hquid — a water-film, glass, agar, 
cellulose, or even other cells 

The simplest waj’' to studj’- movement of the mdividual cells is to make a wet 
mount and focus on the underside of the covershp, to which numerous cells 
alwass adhere Many of these are attached only by one tip, and undergo the 
pecuhar “pendelnde Bewegungen” first descnbed m myxococci by Baur (1905) , 
they swmg rapidlj’- back and forth m the hquid, sometimes hitting the glass with 
the entire body, m which case they may adhere to it Others can be seen ghdmg 
evenly along the glass surface, the ends of a movmg cell may vibrate markedly, 
and the even, progressive motion is often mterrupted by flexmg movements A 
cell can, and often does, stop suddenly and start travellmg in the reverse direc- 
tion Flexmg of the cells also occurs mdependently of hnear movement What 
the reason for such flexmg movements m otherwise stationary cells may be, it is 
impossible to say, at any rate, they are not symptoms of degeneration as Stapp 
and Bortels beheved I have exammed the process m the soil cytophagas as 
well as m the marme forms, and can fuUy confirm my previous contention (1940) 
that it IS always of very marked occurrence m the majonty of young, healthy 
cells which are lymg m contact with a surface On the other hand, the absence 
of any flexmg movements is often a sign of senescence 

The statement (Stamer, 1940) that the umt of effective movement in the marine cyto- 
phagas appeared to consist of 20 to 30 cells is true only dunng the extension of a swarm 
inde infra) , m wet mounts these orgamsms, bke the soil cytophagas, can creep actively as 
mdividuals 

Lmear locomotion, as well as flexmg and swmgmg movements, is markedly 
affected by oxygen tension and temperature In crowded wet mounts, all move- 
ment ceases after a short time except near the edge of the covershp and m the 
neighborhood of air bubbles The influence of temperature on the rate of move- 
ment has aheady been noted by Stapp and Bortels, and Imsenecki and Solntzeva 
Movement of the soil cytophagas is very noticeable at 28 to 30 C, as the tem- 
perature falls it slows down, and at 20 C is only veiy shght The phenomenon is 
worthy of further study, it may throw some hght on the mechanism of creepmg 
movement, which has long been and still remains a major unsolved problem m 
biology 

The maximum observed rate of movement m wet mounts of the soil cytophagas 
(temperature uncontrolled) is approximately 150 p per mmute That of the 
marme species is much less, not more than 30 to 50 p per mmute 
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Swarming 

In almost all members of the Evbactenae, the macroscopically visible masses of 
cells which we term “colomes” extend their dimensions only passively, as a 
result of the action of mechamcal forces The young cells at the edge of a colony 
are sometimes pushed outwards by the cell accumulations behmd, m other 
cases, particularly m such groups as the actmomycetes and aerobic sporeformers 
where there is a mycehal or filamentous vegetative structure, size mcrease may 
be due to a direct outgrowth from the colony’s penphery Among the thousands 
of species m the Euhadenae, there is only a handful of exceptional forms, the 
outstandmg example bemg the Proteus group, m which colony extension occurs 
actively 

On the other hand, increase of colony size m the Myxohactenae as a whole, 
cytophagas mcluded, is characteristically an active process, an expression on a 
large scale of the creepmg locomotion of the mdividual cells It occurs by con- 
tmuous extension from the penphery of long, often pomted, cell masses, which 
creep out across the substrate like mmiature armies For this reason Jahn 
(1924) gave the name “swarm” to the myxobactenal colony ® 

The process of active swarm extension or swarmmg reaches its peak among the 
Polyangtaceae, m certain members of this group the large majority of the cells 
composmg a swarm are regularly located m the advancmg penphery, while the 
older, central portion of the swarm contams only a few isolated vegetative cells 
which have been left behind (Jahn, 1924) Among the myxococci and the 
cytophagas, however, the center of the swarm always contams many organisms, 
and the extendmg penphery is a flat, almost mvisible region only a few cells 
thick 

Swarmmg can be observed even under the low-power lens of the microscope, 
but for detailed study covershp preparations are best used The marme cyto- 
phagas provide excellent matenal for this purpose, smce their cells are large and 
the mass movement is extremely rapid (see Stamer, 1940, for an account of the 
process) 

Until recently similar studies on the soil cytophagas were not possible because 
these organisms could not be grown on the surface of a clear agar medium 
Smce the discovery of growth on glucose, I have exammed the process of swarm- 
mg on glucose-agar plate cultures of S myxococcotdes, C hutchinsonii and C 
rubra Only m the former species is swarmmg marked and typical At first 
it occurs only m some of the colomes, a cunous case of colony dimorphism On 
plates less than a week old, many of the colomes are veiy small and hemisphencal, 
with sharply defined edges In colomes of this type swarmmg does not develop 
until considerably later In other colomes which, although somewhat raised m 
the center, have a flat penphery, swarmmg masses extend out from all sides at 
a very early stage 

’ The descriptive term “pseudoplasmodium” used by Thaxter (1892) m reference to the 
myxobactenal colony, is an vmdesirable one since it suggests a connection with the myxo- 
mjcetes, and more particularly with the Acraaieae, to which myxobactena are not even 
remotely related 







^ ^'^f^chinsoni^ Plate culture on 1 0 per cent glucose agar after one ueek at 
Fin^d" cubactcnum-hke nature of the colonies 

^ ^ ^ ati/c/iiTisomi Edge of a young colony on glucose agar, showing swarming 

Fig 5 5 viyxococcoides Edge of a swarm on aO 1 per cent glucose agar plate X 13 
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In C hutchtnsonit swarming is largely suppressed and the colonies are super 
ficially mdistmguishable from those of a true bactenum However, on young 
vigorous plate cultures a few typical moving masses can be found extending out 
for a short distance from some of the colonies It is probablj’- the copious s}ti- 
thesis of a microbial gum in this species which prevents normal swarming 
In C rubra swarming is nevei apparent The colonies are always verjf small 
and mconspicuous, attaining a diameter of 2 mm at the most They have a 
hazily defined and indefinite peripherj' Instead of extending out across the 
surface, the cells creep downward into the agar, so that when scraped with a 
platmum needle only a small part of the colony can be removed 

The effect of Tmcromolecular oneniaiion in the substrate on movemenl 
and arrangement of the vegetative cells 

A striking charactenstic of the soil cytophagas is the pattern of cell arrange- 
ment on attacked cellulose fibers The extreme regulanty of the investment 
has been remarked on by several workers, Winogradsky’s (1929) comments in 
this connection are particularly cogent 
“Ce qui attire I’attention d4jk dans les pr6parations faites avec un flocon 
arrach4 d’une tache jaune h peine naissante, c’est la density et la r^gulant^ 
de la disposition de ces cellules sur les parois des fibies attaqu6es ils y ferment 
un rev^tement r^gulier compost d’lndividus logds parallfelement et onent& 
dans la m^me direction On y observ’^e souvent des tableaux frappants qui 
paraissent ddmontrer qu’ils s’y fixent en s’adaptant en quelque sorte h. la struc- 
ture de la membrane qu’ils garnissent Ainsi, s’lls habillent une fibre, dont les 
parois ont une structure spiral6e, on les voit dirigfe dans la direction de la spirale, 
par exemple de gauche h droit sur la paroi sup^neure de la fibre couch^e devant 
I’observateur, mais de droit h. gauche, en suivant toujours le tour de la spirale, 
du c6t6 oppos4 ” 

This is difficult to illustrate in photomicrographs, some disturbance of the 
orderly structure always occurs in stained preparations, and the plane of focus 
under oil immersion is too nariow to compass the entire wdth of a fiber How- 
ever, figs 6 to 12 give some idea of the appearance 

One should add to Winogradsky’s lucid descnption only that the orderly 
arrangement becomes lost on those portions of the fibers which have reached an 
advanced stage of decomposition, when the fiber structure is largely dissolved, 
the cells have for the most part a random onentation 
Since studies on cotton fibers (e g , Anderson and Kerr, 1938) have shown that 
the cellulose micelles are laid doAvn in spirals around the fiber, Winogradsky’s 
suggestion of an adaptation of the cells to the underlying structure of the sub- 
strate IS no fanciful flight of the imagination The demonstration (Stanier, 
1942b) that among highei myxobactena the onentation of the vegetative cells 
and the direction of their movement can be controlled by stresses m the agar 
serving as substrate provides further support for this view In fact, there can 
be little doubt that the orientation of the cytophagas on cellulose fibers is anothei 
example of the conditionmg of movement on solid surfaces by “ultrastructural” 
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oiganization of the substiate, a phenomenon which, following the nomenclature 
of Jacobsen (1907), I have teimed an elasticotaxis (Staniei, 1942b) 



Figs 10 and 11 C hnichtnsonn Attacked filter paper fibers Winogradsky’s stain 
X 835 

Fig 12 C rubra Attacked filter paper fiber Winogradsky’s stain X 835 


On gelatm and agai, elasticotactic and elasticotropistic behavior is evident 
onlj"^ after a micellar onentation of the substrate has been induced through the 
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application of mechanical tension A cellulose fiber, on the other hand, pos- 
sesses a high degree of intrinsic onentation, and hence the application of mechani- 
cal tension is not necessary to produce elasticotactic responses 

PHYSIOLOGY OF THE SOIL CYTOPHAGAS 

Carbon nnlniion 

As has already been made clear, the soil cytophagas are a group highly spe- 
ciahzed for the aerobic breakdowm of cellulose In order to appreciate what 
this means from the standpomt of their metabolism, we must first consider 
bnefly the physical and chemical nature of cellulose 

The cellulose molecule is a highly polymenzed, long-chain polysaccharide made up of 
^-glucose units linked together in the 1 4 position The lower size limits for the molecule 
are thought to he between 100 and 200 glucose units, but the methods which have been used 
for molecular weight determinations are not entirely reliable, and the actual molecular 
size may w ell be much greater It is not improbable that the material w hich w e call cellu- 
losem reality consists of a whole range of substances of high, but varying molecular weight, 
with the same basic structure and similar physical and chemical properties The orthodox 
chemical concepts of molecular weight and molecular size lose much of their validity when 
one attempts to apply them to highly polymenzed natural organic matenals Physically, 
natural cellulose is a fibrous substance completely insoluble in water and organic solvents 

The macromolecular nature and msolubility of cellulose have two obvious 
consequences from the standpomt of its availability as a food matenal for micro- 
organisms 

1 Cellulose as such cannot enter the microbial cell 

2 Therefore, the large, msoluble cellulose molecules must be decomposed 
in some way externally to the cell so as to yield soluble breakdown products which 
can enter the cell and be used for synthetic purposes, for energetic purposes, or 
for both 

These deductions do not rest solely on theoretical considerations, they have 
been repeatedly shown to hold true in other cases of polysacchande breakdown 
by a w ide variety of hvmg organisms 

What are the simpler soluble organic compounds ivhich might be released 
and used as a result of cellulose bieakdown? One would expect the decomposi- 
tion of cellulose to proceed by hydrolysis or phosphorolysis with the ultimate 
production of glucose Biochemical expenence has shown beyond any doubt 
that m the overwhelming majority of cases polysacchande decomposition even- 
tually results m the release of the constituent simple sugars, which are then 
further broken down mtracellularly by an oxidative or fermentative mechanism 

Although both logic and general expenence might have led one to anticipate 
some such mechanism for the breakdown of cellulose by the soil cytophagas, the 
findings of a whole senes of workers investigating these orgamsms have been 
at best mconclusive, at worst directly opposed to the scheme outlined above It 
IS not too much to say that the manner of cellulose decomposition and the carbon 
nutntion of the soil c 5 dophagas have been major mystenes of microbial bio- 
chemistry^ dunng the past twenty years 
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These problems weie first extensivel}’’ explored and clearly stated by Hutchin- 
son and Clayton m 1919 Their conclusions were as follows 
“S cytophaga (= S myxococcoides) appears to be specific m its relation to 
caibon sources and its requirements are only met by cellulose Not only are 
other compounds (highei alcohols, organic acids and vanous carbohydrates) 
unsuitable for nutrition of the organism, but some, namel}'^ compounds pos- 
sessmg maiked reducing properties, have been found to be toxic even in very 
low concentrations, e g , 0 018 per cent maltose or 0 050 per cent dextrose ” 
Their expenments showed that S myxococcoides was even more sensitive to- 
wards glucose and other soluble organic compounds than the chemos 3 Tithetic 
mtnfymg bacteria, which had previously been regarded as the supreme examples 
of orgamsms adverse!}'’ affected by “bons aliments ” However, even though no 
good explanation of the toxic action of organic compounds on chemosynthetic 
bacteria has ever been offered, the phenomenon could be dismissed with the 
remark that these orgamsms were, after all, morgoxidants 5 myxococcoides, 
on the other hand, exists in nature solelj'’ through its abilit}’' to break down one 
of the most resistant and chemically one of the most complex orgamc compounds 
knoAvn, so that its peculiar behavioi in this respect, equally inexphcable, was 
far more unexpected 

Although, as mentioned previously, A¥inogradsky (1929) never obtamed pure 
cultures of the amicrocystogenous soil cytophagas wth which he worked, and 
hence could not undertake a detailed exammation of the problem of their carbon 
nutrition, his observations pointed very clearly to a like specificity of carbon 
requirements m these species With the publication of Wmogradsky's re- 
searches, the belief became firmly established that the whole cjdophaga group 
consisted of obligate cellulose-decomposmg bactena 
This conclusion was further strengthened bj' the studies of Krzemlenle^v8ka 
(1930, 1933), Stapp and Bortels (1934), Imsenecki and Solntzeva (1936), Buck- 
steeg (1936), Walker and Warren (1938) and Jensen (1940) None of these 
investigators ever obtamed giowi^h of any soil cytophaga m the absence of 
cellulose 

Stapp and Bortels (1934) filled an impoi tant gap among the carbohydrates, 
which Hutchmson and Clayton had tested foi their possible effects on the cyto- 
phagas, by showing that the simple polysaccharides derived from the breakdo\vn 
of cellulose (cellotetrose, cellotriose and cellobiose) were unutilizable and almost 
as toxic as glucose 

Hutchinson and Clayton, in discussing their results, had drawn attention to the singular 
fact that reducing compounds were particularly toxic For example, 0 1 per cent glucose 
completely inhibited growth and cellulose decomposition by S myxococcoides in their 
experiments, whereas 1 25 per cent sucrose only delayed the onset of development, and 
complete inhibition w ith this compound w as not attained until 2 6 per cent w as used They 
suggested that the toxicitj of reducing sugars might be caused by interference with the 
aerobic system of respiration of the organism, and pointed out that the opposite effect, a 
stimulation, often resulted from the addition of such reducing substances ns glucose to 
cultures of stnct anaerobes Imsenecki (1941) took up the problem anew from this stand- 
point, and was able to show that the toxic effect of glucose was quite unconnected with its 
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reducing properties His strain of S myxococcoides was completely inhibited by 0 3 per 
cent glucose, but could grow well at an oxidation-reduction potential much lower than that 
which resulted from the addition of this concentration of glucose to a mineral cellulose 
medium He also made the interesting observation that the "toxic” effect was not lethal 
but merely growth-inhibiting 

Such was the status of the problem at the time when my mvestigations were 
begun The discovery of marme C 3 d»phagas with much less restnctednutnent 
requirements (Stamer, 1940) encouraged the behef that the carbon nutrition of 
the soil forms might be broader than had been previously expected However, 
a repetition of much of the previous work, for which S myxococcoides, C huichtn- 
sontt and C ruhra were used, yielded results m substantial agreement with 
those of the earher investigators In no case was growth obtamed on a medium 
devoid of cellulose I was able fully to confirm Hutchmson and Clayton’s claims 
with respect to the relative effects of reducmg and non-reducmg sugars on growth 
and cellulose decomposition by S myxococcoides, and to show that the same 
behavior was charactenstic also of the other two species (table 1) 

Like Imsenecki (1941) I found a lesser degree of sensitivity to reducing sugars in the case 
of S myxococcoides than that reported by Hutchinson and Clayton Also noteworthy is 
the relatively greater resistance of C rubra than of the other two species The general 
purport of the results was quite clear however, and there could be no doubt that the prior 
observations on this anomalous behavior were correct The only question appeared to be 
what explanation to offer for them 

At this stage it seemed of mterest to determme whether reducmg sugars 
exerted an effect on the respiration as well as on the growth of the cytophagas 
Consequently a Warburg experiment was set up to obtam mformation on this 
point 

The species used was C hulchtnsonti Cultures were grown at 30 C on a shaking machine 
m shallow layers of a hquid medium containmg precipitated cellulose prepared according 
to the method of Kalnins (1930) It had been found that heavy cultures of all three species 
could be obtained in a few days under these conditions Due to copious slime formation, 
It IB impossible to separate the cells of C hulchineontt from a hqmd medium by centrifuga- 
tion, BO 3-day-old cultures were simply centrifuged lightly to remove unattacked particles 
of cellulose and used as they were m the Warburg vessels Oxygen uptake by 2 0 ml 
amounts of such cultures was measured m the absence of sugar and with the addition of 
cellulose, cellobiose and glucose The amount of the two latter materials was 0 1 ml of a 
W40 and of a M/20 solution respectively In the case of cellulose, 0 1 ml of a heavy sus- 
Pcasion of the precipitated product was employed, the exact amount was not determined, 
amce over the period of the experiment the quantity broken down would in any case be 
very small 

The result of this experiment, as shown m the accompanymg graph, was en- 
tirely unexpected Autorespiration was high, but the vessel containmg cellulose 
showed an oxygen uptake which was appreciably greater Glucose and 
cellobiose, far from reducing autorespiration, caused an mcrease of oigrgen 
S'ibstantially the same as that with cellulose, a result most easily exphc- 
^ e on the assumption that these substances, like cellulose, were used by the 

actena m an oxidative process 
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Since it seemed most improbable that compounds which could be oxidized 
readily under the conditions of a Warburg experiment should be not only un- 
utilizable but inhibitmg m groivth experiments, the pre\aous work was examined 
critically for possible flaivs In all my groiidh experiments the sugars had been 
sterilized by autoclaving together with the mmeral constituents of the medium, 
whereas the sugars used in the Warburg experiment were naturally not sterilized 

TABLE 1 


Growth at 30 C by S myxococcoides, C hutchimonit and C rubra tn the presence of cellulose 
and varying percentages of heal slenlxzed glucose, sucrose and lactose 



0 ™ no growth, 4 »■ maximum growth 


at all It has long been known that heatmg, especially in the presence of phos- 
phates, causes some decomposition of reducmg sugars (“caramehzation”) and, 
although the products formed are not generally considered harmful to bacteria, 
the effect of heat sterilization seemed the most hkely cause for the discrepancies 
The growth experiments were accordingly repeated using glucose sterilized by 
filtration through Seitz filters and added to the autoclaved mmeral base Under 
such conditions, S myxococcmdes, C hiUchinsonii and C rubra all grew excellently 


I 
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over a wide range of glucose concentrations Furthermore, the glucose sterilized 
by filtration exerted no “toxic effect” on growth m the presence of cellulose 
With the highest concentrations of glucose tested there was, it is true, a decrease 
in cellulose decomposition, but at the same tune abundant growth occurred 
m the surroundmg hquid medium This partial inhibition of cellulose de- 
composition IS probably due to preferential utihzation of the monosacchande 
A re-exammation of the carbon requirements of all three organisms usmg 
sugars stenhzed by filtration yielded the results presented m table 2 S 
myxococcmdes and C hvlcTnmonii were able to develop only at the expense of 
cellobiose and glucose m addition to cellulose C nibra, however, could utilize 



MINUTES 

Oxygen Uptake by Cytophaga hutchinbonii in the Pkebencb of Glucose, Cellobiose 
and Cellulose and in the Absence of Any Substrate 


^0 mannose and xylose Thus the biochermcal anomaly of “obligate” cellulose 
decomposition by the cytophagas has been disposed of finally It must still be 
admitted that the range of available carbon sources for these organisms is some- 
what narrow, mdicatmg a considerable degree of speciahzation, however, results 
of a similar nature are not exceptional and have been reported for many other 
nucroorgamsms The cellulose-decomposmg chytndiaceous fungus, Rhizo- 
V yctis rosea, for example, grows well only with cellulose, cellobiose and glucose 
(Stamer, 1942a) 

The optimum glucose concentration appears to vary with the different species 
® results of experiments on this pomt, usmg hquid media, are given m table 3 
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On Bolid media the behavior of the organisms with respect to sugar concentration is 
somewhat different S myxococcoides and C nibra develop scantily, if at all, on mineral 
agar with 1 0 per cent glucose, although C hulchimonit grows abundantly Development 
of the two former species on plates is regular only when the sugar concentration does not 
exceed 0 2 per cent Possibly when filtered glucose is added to the melted mmeral agar, 
which IS at a temperature of about 60 C (such a temperature being necessary in order to 
allow time for the pounng of plates or slants before the agar harde ns) , sufficient decom 
position of the sugar occurs to affect adversely the subsequent development of S myxococ 
cotdes and C rvbra 


TABLE 2 

The uithzaiton of different carbon sources {concentration of 0 1 per cent) by S myxococcoides, 
C hutchinsonii and C rubra after 6 days at SO C 


BUBWANCE 

8 UYXOCOC 
C01I>£S 

C BPXCHZWSONn 

C fiUBSA 

Control 

0 

0 

0 

Xylose 

0 

0 

2 

Arabmose 

0 

0 

0 

Galactose 

0 

0 

0 

Mannose 

0 

0 

4 

Levulose 

0 

0 

0 

Glucose 

4 

4 

4 

Cellobiose 

4 

4 

4 

Mannitol 

0 

0 

0 

Sodium pyruvate 

0 

0 

0 


0 = no growth, 4 " maximum growth 


TABLE 3 

Growth of S myxococcoides, C hutchinsonii and C rubra with varying concentrations of glucose 


after 5 days at SO C 


OSOANISU 

\ OEVCOSK, PEE CENT 

1 

cos 

0 1 

025 

OJ 

0 75 

10 

20 

S myxococcoides 

3 

3 

4 

4 

4 

4 

4 

C hutchinsonii 

2 

2 

3 

4 

4 

4 

3 

C rvbra 

2 

3 

4 

3 

3 

3 

3 


0 >= no growth, 4 “ maximum growth 


I have made no attempts to determine the nature of the toxic material formed dunng the 
heat sterilization of sugars In view of the complexity of the chemical changes which occur 
durmg caramelization, and the madequate charactenzation of the resultant compounds, 
this would probably be a difficult chemical problem Nevertheless, it is an interesting 
subject for future investigation The toxic matenal must be active in exceedingly low 
concentrations, glucose is not destroyed to an extent greater than five per cent during auto 
claving, so that a (toxic) autoclaved 0 3 per cent glucose solution would not contain more 
than 0 015 per cent of total caramelization products 

When grown on agar plates, S myxococcoides and C rubra often effect a notice- 
able etching of the surface The colonies become shallowly and irregularly 
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Bunken mto the surface of the medium, a phenomenon which is highly suggestive 
of agar decomposition Nevertheless, all attempts to find supportmg evidence 
for agar decomposition by these two species have been unsuccessful Absolutely 
no development occurs on mmeral agar plates devoid of glucose, even when the 
medium is heavily buffered with CaCOj to counteract the acidity which imght 
result from a breakdown of the agar Gran’s (1902) test'* fails to show gelase 
fields There is no obvious change m the consistency of the agar after growth, 
such as one mvanably finds ■with agar-decomposers Perhaps the most con- 
vmcmg evidence of all is the failure of these two species to develop at the expense 
of galactose, the chief constituent monosacchande of agar As a result of aU 
these facts, one must conclude that the etching of agar surfaces by these two 
species IS a purely physical phenomenon 

I have observed a sumlar, though less pronounced etching on old plates of several of the 
higher myxobactena, it is particularly frequent in cultures of Myxococcus virescens It is 
not improbable that this peculiar behavior of myxobactena has been mistaken in the past 
for true agar decomposition Yoshii (1926) claimed the existence of this property m 
Myxococcus ruhescens, and both Beebe and Smeszko (personal communications) have 
suggested that agar breakdown charactenzed some of the myxococci with which they 
worked I have never encountered a convincing case of agar decomposition among the 
higher myxobactena, and in view of my expenences with S myxococcoides and C rubra 
it would perhaps be wise to treat these claims w ith a certam degree of skepticism, at least 
until some evidence more cogent than superficial appearance has been brought forward 
There thus seems good reason to ascnbe a physical basis to the etching phenomenon, 
but what its actual mechamsm may be is hard to say Diatoms behave in a bke manner 
when grown on agar plates, but this is due to the plowing of furrows by the siliceous walls 
of the cells as they creep over the surface The debcate vegetative cells of myxobactena, 
devoid of any kmd of wall, could not conceivably bnng about such a mechamcal erosion 

Nitrogen requirements and general conditions of growth 

The range of substances capable of servmg as smtable mtrogen sources for 
growth of the soil cytophagas is shown m table 4 To be noted is the fact that 
peptone, yeast autolysate, aspartic acid and asparagm support development 
shnost or quite as good as that which occurs with mtrate or ammoma In 
general, results for the three species are very similar, foUowmg the same essential 
pattern The only marked exception is the difference between S myxococcoides 
the amicrocystogenous species ■with respect to the utihzation of urea It is 
cunous that the monoammo monocarboxyhc ammo acids (glycme, alanme and 
leucine) should be unutilizable, whereas both aspartic acid and asparagm provide 
good sources of mtrogen None of the compounds tested was capable of serving 
^ sole source of both carbon and mtrogen, apparently only the carbohydrates 
carbon sources for this group 

Ihe data on mtrogen reqmremen'ts for S myxococcoides agree ■with those 
Prenously given for this species by Hutchinson and Clayton (1919) and 

This test, which gives imeqmvocal results with all agar-decomposers so far known, 
consists m flooding the surface of the plate writh an I-KI solution, the attacked areas of 
gar surrounding the colomes take on at most a light straw color, whereas the imdestroyed 

agar stains a reddish-violet 
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Imsenecki and Solntzeva (1936) insofar as these workers tested the same 
compounds 

The growth of the three species at different temperatures revealed clear-cut 
differences between the amicrocystogenous species and S myxococcoides, as 
shown m table 5 


TABLE 4 


Growth of the soil cytophagas on cellulose tn the presence of various nitrogen compounds 


STTBSTANCE | 

S -XOCOC 
COIDES 

c umvH Disown 

C. lUBSA 

Control (-N) 

0 

0 

0 

(NHdiSOi, 0 1% 

4 

4 

4 

(NHdiSOi, 1 0% 

0 

0 

0 

KNO,, 0 1% 

4 

4 

4 

KNOi, 1 0% 

2-3 

0 

0 

Urea, 0 1% 

2^ 

0 

0 

Glycme, 0 1% 

0 

0 

0 

Alanine, 0 1% 

0 

0 

0 

Leueme, 0 1% 

0 

0 

0 

Aspartic acid, 0 1% 

1 

3 

3 

Aspartic acid, 0 6% 

3 

4 

4 

Asparagin, 0 1% 

2-3 

2 

2 

Asparagin, 1 0% 

3-4 

2 

4 

Peptone, 0 1% 

4 

4 

4 

Peptone, 1 0% 

2 

2 

2 

Yeast autolysate, 1 0% 

1-2 

3 

3 


0 “ no growth, 4 = maximum growth 


TABLE 6 


Growth of S myxococcoides, C hutchinsonii and C rubra at various temperatures after B days 
and after S weeks {latter in parentheses) on a mineral, filter-paper medium 


OECANISU 

j TEltPElATinUS, C 

1 

IS 

22 

25 

30 

35 

S myxococcoides 

0 

1(3) 

3 

3 

4 

C hutchinsonii 

0(2) 

3 

3 

4 

0 

C rubra 

0(2) 

3 

3 

4 

0 






— 


0 =» no growth, 4 “ maximum growth 


All the soil cytophagas show a distmct preference for a neutral or alkahne 
environment, through the pH range from 6 5 to 8 5 (most alkahne tested) growth 
is equally good At a pH of 6 0 or lower development ceases 

Imsenecki and Solntzeva (1936) have stated, in contrast to all previous workers, that the 
cj tophagas are not stnctly aerobic Consequently I have examined this point with some 
care, but have been unable to substantiate their claim It is true that some development 
takes place in cultures (particularly of C rubra) when the access of air is restricted, but 
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growth under such conditions is markedly slower than when full aeration is permitted 
This 18 clearly shown, for example, by the very slow development on portions of filter paper 
which are even only slightly below the level of the liqmd in flask cultures Under condi- 
tions of iolal oxygen exclusion (cultures m bottles) growth ceases absolutely It should be 
remembered that this is the real criterion of whether or not an organism is stnctly aerobic 
Slow development at a low oxygen tension may merely mean that orgamsms are carrying 
on their customary type of oxidative metabobsm at a reduced rate Growth is not possible 
under conditions of total oxygen exclusion even when mtrates are present, mdicating that 
the cytophagas are incapable of employing demtnfication as a respiratory mechanism for 
oxidative metabobsm This pomt is of some interest in view of van Iterson’s (1904) finding 
that cellulose decomposition, resulting in slimy, yellow growth, can occur in ennchment 
cultures concomitantly with demtnfication From his descnption, it seemed possible that 
cytophagas might be developmg under these conditions However, the negative outcome 
of demtnfication experiments with pure cultures makes it unlikely that this is actually 
the case In a repetition of van Iterson’s ennchment culture experiments for cellulose- 
decomposing dentnfiers I have found a predormnating microflora of the Pseudomonas type 

In conclusion, a few words should be said about the possible beneficial effects 
of accompanjong non-cellulose-decomposmg bactena on the development of 
the cytophagas On the basis of careful and thorough experiments, Imsenecki 
and Solntzeva (1936) have claimed that certam orgamsms, often found m im- 
pure cultures of S myxococcmdes and S eUtpsospora, greatly stimulate growth 
and cellulose decomposition by these two species when moculated with them 
into a hquid mmeral medium containing cellulose They state that m certam 
cases S eUtpsospora does not grow at aU in pure culture, whereas it mvanably 
develops well with the accompanymg bactena I have never observed a stimu- 
latory effect of this nature with my soil cytophaga strains, which grow and de- 
compose cellulose m pure culture just as well as when stiU accompamed by 
contanunatmg organisms 

Imsenecki and Solntzeva, m discussmg then results, pomted out that growth 
stimulation m mixed cultures is a common phenomenon among myxobactena 
In the higher myxobactena, where it is often extremely marked, it is due to the 
abihty to lyse ceUs of other microbes and develop on the nutnents thus released 
This lysis, brought about by extracellular enzymes, is made evident by the forma- 
tion of cleared areas around the swarm when myxobactena are moculated on an 
agar medium contaimng a suspension of susceptible ceUs, as first shown by Beebe 
(1941) None of the cytophagas which I have exammed possess this property, 
Ihey can neither lyse nor develop at the expense of other bactena The most 
probable explanation of Imsenecki and Solntzeva’s observations is that certam 
strains of the cjdnphagas have lost the abihty to synthesize some growth factors, 
at least m the amounts necessary for maximal growth Were this the case, 
accompanying bactena might well stimulate growth and cellulose decomposition 
1^0 a stnctly mmeral medium with cellulose by providmg the cntical growth 
factors in optunal quantity 

The physical aspects of ceUvlose decomposition 

The cytophagas have been shown to attack a wide vanety of cellulose mate- 
nals, of which filter paper has been most generally employed On this substrate 
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the majonty of species exert a rapid and profound effect, causing a complete lysis 
of the fiber structure m a few days In its place, there accumulates a mass of 
cells embedded in a slime which is often abimdantly produced Imsenecki and 
Solntzeva (1936) have used the ex^iressive term “thawmg” to descnbe the rapid 
lytic action on filter paper While such a mode of destruction is characteristic 
of the Sporocytophaga species, of C huichtmonii and of C auranitaca, it never 
occurs m cultures of C rubra This species acts on filter paper m a manner 
reminiscent of the CeUvibno group, the substrate is widely mvaded and super- 
ficially attacked, but the actual fiber structure is only slowly and mcompletely 
destroyed The paper becomes pulpy and macerated, so that when shaken with 
water it breaks up at once mto a large number of small fiber particles The slime 
production characteristic of the other soil species is also very much reduced 
The difference between lytic and macerative decomposition, although sharp and 
clear-cut when filter paper is used as a substrate, tend to disappear when the 
orgamsms are grown on some other matenals 

Krzemiemewaka (1933) and Imsenecki and Solntzeva (1936) have reported good develop 
ment on cellophane My expenence with this substrate has been less satisfactory S 
myxococcoxdea, C htUchtnsonti and C rubra will all grow on strips of cellophane in a liquid 
medium, but the actual dissolution of the cellophane is slow and incomplete I could 
obtain no growth on cellophane laid on agar plates, the upper surface of the matenal dries 
out rapidly and the orgamsms are unable to gam a foothold Perhaps the differences of 
opimon as to the value of this matenal are due to the use of differently prepared cellophanes 

Growth on precipitated cellulose (“hydrocellulose”) is instructive All species 
will develop abundantly on this matenal provided that certam physical factors 
are taken mto account The expenences of Jensen (1940) and myself have 
shown that attack on precipitated cellulose m agar is only possible when the 
organisms can move through the agar As mentioned earher, development on 
cellulose agar plates is never accompanied by the formation of enzymatic fields 
of cellulose decomposition around the growth, as is the case with most other 
aerobic cellulose decomposers (e g , the vibnos, the CeUulomonas group, the cel- 
lulose-decomposmg bacilh and Rhizophlycits rosea) This provides strong support 
for the contention of Wmogradskj’’ and others that the cytophagas must he tn 
direct contact with cellulose in order to attack it 

In hquid media, growth with precipitated cellulose is extremely rapid when 
cultures are kept agitated to mamtam the cellulose m suspension and provide 
good aeration 

A noteworthy phenomenon is the excellent development of the cytophagas on pelhcles 
from Acetobacier xyhnum cultures Acetobacter xyhnum is one of the very few bactena 
able to synthesize cellulose, which is produced m the form of a firm, greyish-white pelhcle 
on the surface of culture media The pellicle gradually increases in thickness as a culture 
ages until it may attain a depth of as much as a centimeter When such peUicles are sue 
cessively washed in water, alcohol and ether and then dried, they have the appearance of 
parchment sheets St^ps of this matenal are rapidly and completely destroyed by the 
cytophagas A drop of water to which attacked portions of the pelhcle are added becomes 
heavily turbid owmg to the release o' millions of Acetobacter cells previously impnsoned 
withm the cellulose 
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For the examination of the microscopic aspects of cellulose decomposition, I 
have found cotton wool to be a superior matenal The cytophagas which 
provoke a rapid lytic destruction of filter paper attack cotton fibei-s moie giadu- 
ally, so that one has a better opportumty to observe the course of breakdown 
Cotton fibers are longer and more regular than the fibers m filter paper Fmally, 
much work (see e g , Kerr and Anderson, 1938) has been done on the structure of 
the cotton fiber and its micellai orientation, makmg an mteipretation of the 
manner of destruction easier For most of the work discussed m the foUowmg 
paragraphs C hutchiiuonii and C ruhra have been used S myxococcoides 
diifers hardly at all from C Indchinsomi m its mode of attack on all kinds of 
cellulose, and is not a satisfactor}'- form to use for microscopic studies because 
the microcysts impede clear observation of vegetative cell oiientation 
The differences between the lytic decomposition by C hutchtnsonii and the 
macerative decomposition by C rubra, so pronounced on filter papei, aie less 
apparent when cotton wool is used Cotton fibers, even when heavil}'' mvested 
by C hutchnsomi, retam to a considerable degree their original structural and 
tensile properties 

The primary attack by both C hutclnnsonit and C rubra is predommantly ex- 
ternal There is only very rarely an mvasion of the lumen bj^ C mbra Al- 
though this phenomenon is more frequent m the case of C hutchinsonn, it occum 
even with this species m a small mmonty of the fibem As the age of the culture 
mcreases, lumen mvasion becomes more frequent, takmg place both bj’- entry 
of the organisms at one end of the fiber and by a breakmg through from some 
previously attacked surface region 

Attacked fibers have a charactenstically mottled or etched appearance under 
the microscope Closer exammation shows that the ongmally smooth surface 
has been eaten away in a more or less regular manner The real nature of the 
change becomes clear when the matenal is treated with concentrated NaOH, 
which causes a shortening and swellmg of the fibers After such treatment, 
normal fibers have a perfectly smooth and even surface as shown m fig 13 
Attacked fibers, on the other hand, are coveied with regulai stiiations as shown 
in figs 14 to 16 These stnations consist of closely appioximated spiral fuirows 
which girdle the fiber at a steep though varying angle to the long axis 
The swelling treatment, while revealmg something of the pattern of external 
decomposition, destroys the arrangement of the cytophaga cells Consequent! 
it was decided to grow the oi-ganisms on pre-swoUen matenal Cotton wool was 
placed m 15 per cent NaOH for about five mmutes and then thoioughly washed 
to remove the alkali When groivn on such swollen fibers, the c 3 'iophagas pro- 
nce spiral furrows similai to those demonstiable b}^ swellmg after attack Not 
infrequenti}'-, these furrows run m two s^'^stems of crossed spirals By stammg 
according to Wmogradsky’s method, it is possible to show that many of the 
attacking cells he in these fuiimvs, oiiented m the same direction as the fuiiow 
itself Unfortunatelj', it is not easj'^ to take convincing photomiciographs of 
IS, but figs 17 to 24 give some idea of the appearance 
As the organisms penetrate mw'aid their orientation often changes, and the\ 
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Figs 21-24 Attacked cotton wool fibers, swollen \Mth concentrated NaOH befo 
inoculation, shouing the relation of the cytophaga cells to the pattern of 
Winogradsky’s stain X 950 appro\ In fig 24 the indentations on the cellulose wne 
cells have previously lain can be seen 
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generally he in spirals -nhicli nan less nearly at right angles to the long axis of the 
fiber In some cases the decomposition of the substrate is still evidenced the 
formation of fuiiows, but the attack often seems to become moie generalized 
and even 

However carefull}^ stained preparations are made, many cells become loosened 
and detached from the fibers "^Hiere this occui-s in a legion oiiginally 
well covered with cells, it is not infiequently possible to discern minute indenta- 
tions on the surface of the cellulose which, from their size and onentation, seem 
to be places vhere bacteria previoiisl 3 '^ lay and dissolved away the underlymg 
substrate (fig 24) Cells remaining attached m such regions are of appioxi- 
mately the same size and onented in the same manner as the mdentations 

How do the knoim facts about the structure of the cotton fiber fit in with 
these observations? The cellulose is known to be deposited m the form of suc- 
cessive concentnc la 3 ’’ers, in each of which there is a definite micellar onentation 
following the pattern of a spiral with frequent revei-sals Thus it seems not un- 
reasonable to assume that the spiral furrows obseix'able m the attacked fibers do 
actually follow the onentation of the cellulose micelles Nor is this difficult 
to understand when one remembers two thmgs, the elasticotactic behavior of 
in}otobactena and the localized action on cellulose of the cytophagas Tlie 
cells which firet reach the surface of a cellulose fiber will be onented by and move 
parallel to the underlymg micellar stracture, while their attack will be confined 
to the substrate m their immediate neighborhood In this way it is readil 3 '’ con- 
ceivable that an mtense decomposition may take place pioceedmg along a nanow 
spiral path, while neighbonng regions of the fiber remam undamaged duimg the 
initial phase of decomposition As growth pioceeds, however, the cells wall 
become spread out over and eventually cover the entire surface, so that 
the deeper layers undergo a more uniform and rapid breakdown 


The chemical aspects of cellulose decomposition 

For many years it has been generally accepted that cellulose decomposition is 
brought about by two enz 3 Tne systems, cellulase and cellobiase The former 
presumed to h 3 '^drolyze cellulose to the disacchande cellobiose, ivhile the latter 
splits the cellobiose thus formed mto glucose, which is absorbed by the ceU 
This pathway was first proposed by Prmgsheim (1912) as a lesult of his studies 
on cellulose decomposition by a crude culture of thermophilic organisms Pnngs- 
heun w'as able to demonstrate that by arrestmg development of the bactei la in 
r anous 'wa 3 's cellobiose and glucose could be made to accumulate m the medium 
ince that time, his conclusions have received confirmation through the w oi k of 
fairer et at (1924, 1926, 1928) wth cellulose-dissolving preparations from the 
Srit of the snail, as well as through the work of I^alnms (1930), Simola (1931) 
Pochon (1935) using bacteria, and of Vaitiovaaia (1935) wath fungi In 
Reneralj these investigators have confirmed the accumulation of reducing sub- 
ances (identified either as cellobiose or as glucose oi as both) m cellulo^^e-de- 
composing cultuies, and have established (Kariei ct at , Simola) the cellulohtic 
Of cell-free extracts 
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On the basis of Pringsheim’s formulation it is logical to conclude that cellulose 
decomposing organisms possess the ability to attack and grow at the expense of 
cellobiose and glucose Yet all previous workers who have studied the 03^0- 
phagas have been faced v ith the unjjleasant fact that these organisms acted ap 
paiently as "obligate” cellulose-decomposers, \\hose growdh was inhibited or 
stopped by very small amounts of glucose How vas this dilemma to be 
resolved? 

Winogradsky ( 1929 ) ignored the Pnngsheim formulation of a simple hydrolytic 
route and developed an elaborate theory of oxidative decomposition which he 
considered to hold for cellulose breakdown by all aerobic bacteria Since Wino 
gradsky’s theoiy has received some measure of subsequent attention and support, 
it seems desirable to consider his data and conclusions in some detail 

Winogradsky observed that filter paper attacked by aerobic bacteria reacted 
m a manner which mdicated that it was similar in certain respects to the rather 
ill-defined matenal known as oxycellulose, which results from a partial chemical 
oxidation of cellulose Attacked portions of filter paper were claimed to have 
acidic properties, as shown particularly by their intense staining with methylene 
blue, a basic dye The “oxycellulose,” dispersible in Avater and soluble m weak 
bases, could be extracted from the attacked fibers, leavmg behind the unchanged 
cellulose Unlike chemicallj'' produced oxycellulose, it possessed no reducing 
power, but this was regarded by Winogradsky as marking merely "une difference 
essentielle entre I’oxydation biologique et I’oxydation chimique ” No notable 
end-products of any other sort (organic acids, alcohols) AAere discovered in 
cellulose cultures, although Hutchinson and Clayton had claimed that S myxococ- 
cotdes produced small amounts of butync acid On this point Winogradsky’s 
comment (fully substantiated by all later ivorkers) was "11 n’y a production 
d’aucun acide gras, ni gdndralement d’aucun produit volatil Le fait est 
tenement rdgulier et coastant que la presence de ces produits est k envisager 
comme un indice de I’mg^rence des microbes ana^robies ” 

The conclusion which Winogradsky drew from these observations was that the 
cellulose underwent a direct attack through the oxidation of the protruding 
carbinol gioups to aldehydic and ultimately to carboxylic groups, wth the re- 
sultant formation and accumulation of "oxycellulose ” Curiously enough, he 
made no mention of the peculiarities m carbon requirements of the cytophagas, 
although one might have imagined that this was the factor which really appeared 
to make necessary such a drastic abandonment of the conventional view of 
cellulose decomposition 

The charaotenstics of the supposed ''o\yceI]uIose” uere left extremely vague Cyto 
phaga hulchinsonit, the species among the cytophagoe vhich Winogradsky studied most 
carefully , always gives nse in cultures to an extreme abundance of a colloidal, mucilaginous 
matenal Subsequent workers have taken it for granted that this was the matenal which 
Winogradsky considered to be tlie typical oxycellulose However, although he referred 
repeatedly' to the “gel organique” or “eolloide organique” produced by C hvlchmaonn, it 
is by' no means clear that such was the case, and in several places a distinction is drawn 
betw ecn the tw o The cellvibnos never produce a gummy material w hen acting on cellu 
lose, y'ct they too, according to Winogradsky, oxidize the cellulose to oxycellulose 
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Winogradsky’s theor}^ has been accepted by Loicjanskaia ( 1937 ) and by 
Walker and Warren ( 1938 ) The latter authors, again using C hutchinsonii, 
isolated the mucilaginous material and studied it chemically They were able 
to show that it was a pol3nironide, and concluded that it iv as an “acidic type of 
ox}Tellulose” formed from the partial breakdown of cellulose 
Imsenecki and Solntzeva ( 1936 ) i\ere the first to perceive some of the flaws 
m Wmogradskj’-’s theory The}’" discovered that attacked filter paper was 
stamed just as heavily b}-- acidic as b3'' basic dyes, and from this concluded very 
reasonably that it was the accumulated bactenal cells, rathei than an3'- “o\y cel- 
lulose,” which actuall3’- absorbed and retamed meth3dene blue Furthermore, 
they pomted out that the “gel organique” m c3d;ophaga cultures need not have 
resulted directly from the cellulose, but could equally well be a s3Tithetic product 
of the cells themselves 

Norman and his associates (Norman and Bartholomew, 1940 , Norman and 
Fuller, 1942 ) have also cnticized the ovidative theory The3'' state that such 
an oxidative attack presupposes the existence of an oxndative e\o-enz3mie sys- 
tem, which IS highly improbable Furthermore, no energy could be obtained by 
the cells until water-soluble fragments had been produced, so that there is no 
good apparent reason why ox3'cellulose should accumulate They further dis- 
agreed with Walker and Warren’s charactenzation of the mucilagmous matenal 
as an oxycellulose, and reported it to be a microbial gum contaimng both uromc 
and pentose groups Thus the factual basis of the oxidative theory has become, 
to say the least, highly doubtful 

The discover3'^ that the sod c3d;ophagas can m fact attack and grow at the 
expense of cellobiose and glucose has now removed even the raison d’iire of this 
theorjf, and there is thus every reason to consider that a h3’^drol3 tic or phosphoro- 
Ijdic breakdown of the type suggested by Prmgsheim is the actual mechanism 
A decisive confirmation of the contention made by Imsenecki and Solntzeva and 
Norman and Bartholomew that the mucdage produced 63’’ the c3d;ophagas is a 
microbial gum, is provided by the manner of grovdh on glucose Cytophaga 
hutchinsonii, which produced mucdage to a greater degree than any other species, 
lull do so just as readdy when growmg on glucose as when grovnng on cellulose 
In fact, liquid glucose cultures of this organism may become so viscous that the3’’ 
are hard to pipette The matenal can be precipitated from such cultures b3^ al- 
cohol or acetone, and exhibits all the properties which were reported by 
Wmogradsky and by Walker and Warren as charactenzing oxycellulose Were 
Ihe matenal really an oxycellulose, it should of course be produced only as a 
^t of grovdh on cellulose 

Aeiertheless, one further piece of evidence m favor of a breakdown \aa cel- 
c lose and glucose has yet to be produced One might expect that under certam 
conditions reducing sugars would accumulate m cellulose cultures, 3'’et they 
' c never been reported by previous workers I have repeatedl3' tested normal 
cu tures without ever finding a trace of reduction Whde this is perhaps not 
nnexpected, attempts to obtam evidence for the accumulation of reducing sugars 
'^n unfavorable conditions have also been uniforml3'^ unsuccessful Vigorous 
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cultures of C hutchinsomi and C rubra have been treated with toluene for as 
long as a fortnight with negative results Similar experiments m which 
anaerobiosis or mamtenance at a supramaximal growth temperature (45 C)were 
used mstead of the toluene treatment were likewise vuthout success It is not 
easy to offer a reasonable explanation of these findings, particularly m view of the 
ease with which vanous workers (e g , Kalnins) have demonstrated the accumu- 
lation of reducmg sugars m cellulose cultures of other ceUulose-decomposmg 
bactena However, one should recall that the C 5 dophagas differ markedl}'- from 
most aerobic cellulose-decomposers through their mabihty to decompose cellulose 
except m the close neighborhood of the cells 

Does this perhaps imply that the cytophagas split cellulose by a mechanism 
different from that employed by other aerobic bactena? Organisms like the 
cellvibnos clearly bnng about an hydrolysis of the cellulose molecule, their 
cellulase acts on cellulose m the same sort of way as amylases act on starch and 
glycogen It has become clear recently through the work of Con et al and of 
Hanes (for references see Con and Con, 1941) that starch and glycogen can also 
be decomposed by an entirely different enzyme system, phosphorylase, which 
causes a phosphorolytic rather than an hydrolytic fission of the pol 3 ^acchande 
Offhand it does not seem improbable that a phosphorolytic decomposition of 
cellulose may also take place Were such the case in the cytophagas, contmued 
metabohsm might be necessary for the mamtenance of the phosphate cycle, 
and hence treatments designed to inhibit normal respiration would be hkely to 
inhibit cellulose decomposition as well 

There is another possible explanation for the non-accumulation of reducing sugars which 
should be considered The fission of a long-chain molecule like cellulose may be aocom- 
phshed in one of two ways It can take place either by the continued loppmg off from the 
end of the cham of short terminal sections contaimng from one to a few glucose umts, or 
by an approximately central splitting of the chain repented on the resulting fragments with 
the production of shorter and shorter lengths In the former case, a small amount of 
enzyme should give nse to detectable amounts of reducing sugars In the latter case, 
however, even a large quantity of the enzyme would yield only very small amounts of 
reducing sugars when acting on a highly pobmenzed cellulose If the cytophagas 
attack cellulose by this second method, the difficulties in finding reducing sugars are 
understandable 

To sum up, we may say that the evidence favors very strongly a decomposition 
of cellulose by the cytophagas proceedmg by hydrol 3 ^s or phorphorol}^ with 
the ultimate production of reducmg sugars which enter the cell and there undergo 
an oxidative decomposition whose sole products are carbon dioxide and cell 
matenal 


PHYSIOLOGY OP THE MARINE CYTOPHAGAS 

The properties of the manne cytophagas have been thoroughly discussed m 
two recent papers (Stamer, 1940, 1941) so that httle need be said concerning 
them here C diffluens and C krzemtemewskae are agar-decomposers par 
excellence Owmg to theu rapidly spreadmg growth (swarm extension) the 
surface of a plate culture becomes covered with orgamsms m a few days, and the 
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gelase fields, as shown by Gran’s reaction, rarely extend beyond the borders of 
growth However, the underl3nng agar becomes sunken and softened, and may 
ultimately be hquefied Due to evaporation, bquefaction of the agar is often 
not apparent on plates, agar slants, on the other hand, become almost com- 
pletely hqmd after a fortmght Considerable acid is produced durmg agar 
decomposition, and smce the organisms grow well only m a neutral or alkaline 
medium, it is necessary to buffer agar-contaming media with CaCOs m order 
to obtam good growth and decomposition The acid production is probably 
caused by the release of sulfunc acid from the agar, m which there are sulfunc 
ester linkages Acid production from agar is also characteristic of other rapid 
agar-hquefiers (e g , Vibno agar-liquefaciens, V gramt), but not of the agar- 
softenmg types 

Both 0 diffluem and C hrzemiemewskae attack a wide range of carbohydrates 
in addition to agar, as shown m table 6 Unlike the soil cytophagas, they are 

TABLE 6 


UtUuation of carbohydrates by C krzemxemewskae and C diffluens 


SUBSTANCE 

C. rUEUZEMZBWSEAB 

Cv BimUEKft 

Aiabanose 



Xylose 

+ 

-f 

Glucose 

+ 

-b 

Galactose 

+ 

+ 

Maltose 

-f 

+ 

Sucrose 



Cellobiose 

-1- 1 

-b 

Cellulose 

+ 1 

+ 

Starch 

+ 

— 

Alginic acid 

-h 

-b 

Chitm 

— 1 


Agar 

-f 

-b 


not inhibited by the decomposition products resultmg from the heat sterilization 
of reducmg sugars 

It will be noted that both species attack cellulose The decomposition is of 
the macerative type, and takes place extremely slowly m comparison with the 
action of the soil cytophagas Stnps of fiilter paper are dismtegrated at the air- 
water mterface after approximately ten days The marme cytophagas can also 
obtain their carbon and energy requirements from proteinaceous materials, m 
marked contrast to the soil forms Both species grow weU with peptone or yeast 
extract in the absence of carbohydrates 

The only substances found to satisfy the mtrogen requirements of the manne 
C}icphagas are yeast extract and peptone There is absolutely no development 
m media contaimng a suitable carbohydrate when mtrates, ammoma, asparagm 
or any one of a vanety of ammo-acids is present as sole mtrogen source This 
would appear to mdicate that the manne cytophagas require preformed growth 
factors, ammo-acids, or both 
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The organisms are stnctly aerobic The temperature range for growth hes be- 
tween 15 and 30 C While this appears much the same as that of the anucro- 
cyEtogenous soil species, the optimum for the manne species is appreciably lower, 
between 22 and 25 C 

In common with most manne bactena, C diffluem and C Jcrzemiemewskae 
are obhgately halophilic, failing to grow m media with a salt concentration below 
1 5 per cent The optimum salt concentration range for these forms is 2 0 to 
4 0 per cent 


TAXONOMY 

Evidence concerning the systematic 'position of the cytophagas 

There are few examples which illustrate more clearly the weaknesses and un- 
certamties of bactenal classification m its broader aspects than the confusion 
which has surrounded the systematic position of the c 5 d;ophaga group These 
organisms were placed among the true bactena, the sprrochaetes and the actmo- 
mycetes before their relationships to the m 3 xobactena were finally recogmzed, 
and this m spite of the fact that S myxococcoides, the species most studied, is 
morphologically a typical representative of the Myxococcaceae 

Van Iterson (1905) and Merker (1912), who observed the microcysts but not 
the vegetative cells of S ‘myxococcoides, considered it to be a member of the 
Micrococcaceae (i e , an eubactenal form) 

Hutchinson and Clayton’s (1919) elucidation of the hfe cycle of S myxococ- 
coides showed clearly that the previous mterpretations were mcorrect and that 
the “coccus” forms represented the reproductive stage of an organism whose 
vegetative cells were rod-shaped Furthermore, these workers reahzed that 
certam properties of the vegetative cells, such as their extreme flexibihty, were in- 
compatible with a position among the true bactena Unfortunately, they based 
their deductions as to the morphology of S myxococcoides on the study of stamed 
preparations which, due to the imperfect techniques employed, contained many 
“spirochaetal” artefacts These were taken to represent a normal condition of 
the vegetative cells, and consequently Hutchmson and Clayton tentatively 
placed the orgamsm m the Spirochaetales under the name Spirochaeta cytophaga 
Wmogradsky (1929), as a result of his studies on the amicrocystogenous cyto- 
phagas, pointed out the mcongruity of classmg these forms with the spirochaetes, 
stressmg particularly the absence of the highly characteristic active spirochaetal 
mode of locomotion For this reason he placed them m the new genus Cyto- 
phaga, but made no suggestion as to its systematic position 
At about the same tune Bokor (1930) concluded that “Spirochaeta” cytophaga 
had a hfe cycle m which there occurred a branched, mycehal stage On this he 
based the suggestion that the organism was a representative of the Actinomy- 
cetales, among which he proposed to place it under the name Mycococcus cyto- 
phagus As mentioned earhei, there can be no doubt that Bokor was dealing 
with a mixed culture of an actmomycete and a (probably) non-microcyst-formmg 
cytophaga, hence his systematic deductions ment no further consideration 
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In tte fourth edition of Bergey’s Manual of Determinative Bactenology, 
Wmogradsky’s Cytophaga group was placed among the Actinomycetales, together 
with Wmogradsky’s other genera of ceUulose-decomposmg bacteria, CeUmbno 
and CeUfalctcvla In the fifth and latest edition (1939) the two latter genera 
found their correct position m the Pseiidomanadaceae, while the genus Cytophaga 
was tentatively removed to the Spirochaetalea where it appeared as an appendix 
to the genus Spirochaeta 

The work of Krzemiemewska (1930, 1933) provided the first approach to a 
correct understandmg of the systematic position of the cjdophagas Her careful 
study of the hfe cycle of “Spirochaeta" cytophaga revealed clearly the nature of 
the microcysts and their great resemblance m structure and mode of formation to 
the mdividual restmg cells m the Myxococcaceae This was recognized and 
stressed by Krzemieniewska, but particularly because the amicrocystogenous 
cytophagas did not appear to fit mto the orthodox concept of myxobactena, she 
was not at that tune prepared to place them without reservation m the Myxo- 
hacienae, although recogmzmg that this was a future possibdity 

Krzemiemewska’s conclusions were strengthened and extended by the work of 
Imsenecki and Sohitzeva (1936), who discovered a second microcystogenous 
species m which they were able to show agam a myxococcoid sequence of de- 
velopment They confirmed the earher observations of Stapp and Bortels (1934) 
on the creepmg method of locomotion, the taxonomic significance of which they 
understood 

My own studies on the marme cytophagas (1940) showed the myxobactenal 
nature of the non-nucrocyst-formmg members of the group, of which these were 
the first representatives to be obtamed and studied m pure culture The fact 
that they could develop on peptone-agar made possible a study of them mass 
growth and movement which could not at that time be undertaken with the soil 
forms This study revealed yet another specific myxobactenal character m the 
cjdophagas — colony mcrease by swarm extension More recently, as discussed 
m a previous section, the growth of the soil cytophagas on glucose-agar has re- 
vealed the existence of swarmmg m some of these species also 

We are thus confronted with several different hnes of evidence which, taken m 
conjunction, make it necessary to regard the cytophaga group as m 3 ocobactena 
mode of formation and structure of nucrocysts, mode of locomotion, lack of ngid 
cell walls, cell division by constnction, manner of colony growth 

A survey of the higher myxobactena and their relations to the cytophaga group 

It becomes our next task to consider the position which the cytophagas occupy 
among the higher myxobactena 

Since them first recogmtion as an mdependent group by Thaxter (1892), the 
fiigher mj^obactena have been studied far more extensively by cryptogamic bot- 
anists than by bactenologists, a fact of no httle consequence from the standpomt 
of our present knowledge about them Pure culture methods have been httle 
used, and in general these organisms have been treated more as objects of mor- 
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phological interest than as biological entities We know hardly more of some 
species than the final structure of their frmtmg bodies ® 

The higher myxobactena have a life cycle which is divided mto two sharply 
distmct phases In the vegetative stage they occur as primitive, umcellular, 
rod-shaped organisms superficially not dissimilar from true bactena Each of 
the vegetative cells is capable of leadmg an mdependent existence However, 
under the influence of as yet u nkn own stimuh, they come together and enter mto 
a jomt reproductive phase, durmg which thousands of individuals cooperate m the 
buildmg of frmtmg bodies which m some species are structurally qmte complex 
Particularly to be noted is the fact that many cells m a developmg frmtmg body 
may be used up m the production of supportmg structures or protective mem- 
branes, thus losmg their mdmdual chances for survival while contnbutmg to the 
reproduction of other cells Throughout the whole range of hvmg organisms, the 
only other known example of this t3rpe of development is provided by the Acra- 
steae, a small group of amoeboid protists 

Can one legitimately descnbe such organisms as "umcellular?” To do so, the 
term must be stretched beyond its accustomed meamng It is not so much the 
size, complexity and many-celled nature of the frmtmg structme, as primarily 
the existence m it of both reproductive and non-reproductive cells which marks it 
as beyond the umcellular level of orgamzation On the other hand, the vegeta- 
tive phase of the myxobactena and Acrasteae is typically umcellular, which makes 
it impossible to fit either group mto the customary category of multicellular or- 
ganisms Unfortunately, biologists m general have paid very httle attention to 
these assemblages, and consequently their theoretical biological mterest has been 
overlooked 

It seems to me that we have to deal here with two exceptionally clear and 
complete, parallel, convergent senes m which there has been an attempted evolu- 
tion from umcellulanty towards multiceUulanty along a path entirely different 
from that followed elsewhere m the Monera and Prohsta In other groups, such 
as the Volvocales, where we can still trace by inference the probable evolutionary 
sequence which led to multicellular organisms, this development appears to have 
taken place by the contmued association of vegetative cells after division, with 
the consequent formation of permanently many-celled, filamentous, sphencal or 
dendntic structures In the Myxdbactenae and Acrasieae, however, the vegeta- 
tive cells retamed their mdividuahty throughout the major portion of the hfe 
cycle, and the mcrease m complexity has occurred through the development of 
many-ceUed structures for reproduction and dispersal, produced by the aggre- 
gation of ongmally separate and spatially separated vegetative ceUs 

These two small assemblages obviously represent termmal evolutionary senes, 
which failed to develop further and attam a distmctively multicellular level of 

‘ Indicative of the botanical approach used in studying myxobactena is the attention 
paid by most workers, from the time of Thairter on, to the geographical ecology of these 
orgamsms Papers with such titles as “Die Myxobaktenen der Umgebung von Wien” or 
“Die Myxobaktenen von Polen” come as somewhat of a shock to a bactenologist, who 
accepts without hesitation the view that bactena are of world-wide distnbution 


N 
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organization The reasons for such a failure seem evident As long as the 
vegetative cells remained separate mdividuals, an augmentation m the size and 
complexity of the fruitmg structure would decrease the opportumties for a suc- 
cessful termmation of the frmtmg process xmder the competitive conditions of a 
natural environment There are two decisive factors which limit the extent of 
frmtmg development the number of vegetative cells which can be concentrated 
over a small area, and the tune necessaiy for the completion of the process 
Short of a permanent umon of the cells dunng the vegetative phase of the life 
cycle, which did not take place,* further evolutionary progress along the path 
begun m these groups is difficult to envisage 

Nevertheless, the Myxohadenae and Acrasteae have contmued to exist and are 
today of widespread occurrence, mdicatmg that the communal frmtmg process 
has had a defimte survival value It penmts a dispersal of the species far more 
extensive than is possible m the case of non-frmtmg organisms with a similar 
vegetative morphology 

It seems desuable to propose a name for the t3pe of organization exemplified 
by these forms, and I should hke to suggest the term reproductive commumlism 

Recogmtion of the higher myxobactena has rested entuely on frmtmg body 
structure and organization, and the whole group concept has been founded on the 
existence of a life cycle of the sort outhned above Does the absence of such a 
cycle m the cytophagas then exclude them from the myxobactena or mark them 
as “aberrant” forms? Not at all! The remarkable phenomenon of frmtmg 
body formation together with the methods of study employed has tended to 
obscure other less obvious, but taxononncally even more important, characters of 
the myxobactena, namelj'', the properties of the mdividual vegetative cell 
These properties are of necessity brought to the fore m the cytophagas, but are 
equally evident, if looked for, m the higher myxobactena These characters are 
not clearly presented m Jahn’s (1924) defimtion of the class Polyangidae {Myxo- 
bactenae), which is the generally accepted one at present It reads as follows 

“Der Vegetationskorper ist der Schwann, der aus wmzigen langgestreckten 
Stabchen besteht Sie fuhren emen carotmartigen Farbstoff und bewegen sich 
gemeinsam m langer Front dmch Schleunabsonderung fort Fruchtkorper 
entweder aus zahlreichen Sporen bestehend, die durch Verkurzung der Stabchen 
entstehen, oder aus Cysten, m deren Inneren mehr oder mmder verkurzte Stab- 
chen hegen ” 

Apart from its omissions, the above defimtion contams a statement concemmg 
fniitmg-body formation which makes it impossible to mclude the cytophagas, 
because they are chiefly defined by the absence of such structures, forming at best 
microcysts Yet the obnous morphological affinities between the cytophagas 
and the higher mj'xobactena make it necessary to create one large taxonomic umt 
nhich will include both groups and which must, consequently, be based entirely 
on the structure of the vegetative cells 

‘Unless one chooses to regard the miTkOmycetes, with their plasmodial vegetative phase, 
as being denved from the jlcrasieae, most competent authonties, however, consider that 
t ej evoked from a different group among the amoeboid protists 
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Two different procedures can be followed The first is to maintain Jahn’a 
definition of the class Myxohactenae as restncted to the higher myxobactena, and 
to create a corresponding class for non-fruiting organisms with like vegetative 
morphology The two classes could then be combmed in a new division As an 
alternative solution, the class Myzobaclcnae can be redefined to permit the mclu- 
sion of the cytophagas 

It would be difficult to justify the creation of a class for the cjd^ophagas, smee 
the separation of the two classes would rest on the presence or absence of fruiting 
bodies alone, which is an mdefensible entenon for segregations of this magmtude 
Therefore the second approach has been adopted, the class Myxobactenae has 
been redefined chiefly on the basis of vegetative morphology (Stamer and van 
Niel, 1941) Besides making possible the inclusion of the cytophagas, it serves 
the useful purpose of accentuating the basic morphological distmctions, pre- 
viously not sufficiently recognized, between the classes of Myxobactenae and 
Evbactenae The definition is as follows 

Class Myxobactenae 

In the vegetative stage the organisms are rod-shaped They do not possess 
ngid cell walls Cell division occurs transversely, by constriction rather than by 
fission Motihty is never flagellar, it requires the presence of a substratum, and 
IS of the creepmg type found m the Cyanophyia 

Jahn, who developed the first and only detailed systematic treatment of the 
mjTcobactena, recognized four families on the basis of the fruitmg structures 
His primary division was made on the shape of the imcTOcysts,va.t\xe Myxococ- 
caceae they are sphencal or oval, whereas m the remnming families they are 
shortened rods The Archangtaceae form fruits m which these shortened rods 
accumulate m irregular masses held together with hardened shme but never en- 
closed withm an envelope or cyst In the Sorangtaceae, the rod-shaped micro- 
C3^ts are enclosed withm small, angular cysts (the secondary cysts) which are 
often held together by still larger envelopes (the primary cysts or son) In the 
Polyangtaceae the microcysts occur m cysts which are usually larger than the 
secondary cysts of the Sorangiaceae and mvanably rounded 

Since Jahn’s work, only one major change has been suggested As a result of 
extended studies on the vegetative cell throughout all groups of the higher myxo- 
bactena, the Krzemiemewskis (1928) have laid down the generalization that two 
quite distmct cell shapes occur In the Sorangiaceae and some species of the 
Archangtaceae one finds short, thick rods with blunt, almost square ends, whereas 
m the remammg groups {Myxococcaceae, Polyangtaceae and certain Archangtum 
species) the vegetative cells are long, slender rods, often somewhat spmdle- 
shaped with pomted tips Furthermore, these workers (Krzemiemewski, H 
and S , 1937) found that on long-contmued cultivation some Sorangium species 
lose the abihty to form well-defined cysts and thus become mdistmguishable from 
the archangia It is clearly undesirable to base the separation of families on a 
character which is capable of changmg m this w ay, and the Krzemiemewskis have 
suggested that the family Archangtaceae should be abolished Its constituent 
species can be distributed between the Sorangiaceae and the Polyangtaceae on the 
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basiB of the vegetative cell shape, which would then be the distinguishing char- 
acter between these two families My own studies on the higher myxobactena 
(unpublished) have convinced me of the soundness of this proposal Hence it 
will be adopted here 

How may the cytophagas be brought into this system? On the basis of cell 
shape, they are clearly related to the Myxococcaceae and Polyangiaceae, a con- 
clusion which IS further strengthened by the typically myxococcoid nature of the 
microcysts m S myxococcoides and S eUtpsospora 

Particularly because of the cycle of development of these two species, Im- 
senecki and Solntzeva (1936) considered all the cytophagas, both microcystog- 
enous and amicrocystogenous, to be reduced myxococci They suggested that 
S myxococcmdes and S eUtpsospora were Myxococcus species which had lost com- 
pletely the abdity to form organized frmts or which failed to do so under labora- 
tory conditions The remaimng types they regarded as stiU further reduced or 
amicrocystogenous races of the already aberrant Sporocytophaga species It was 
postulated that C hutchtnsontt was a race of S myxococcoides and C aurantiaca 
of S eUtpsospora The substantial uniformity of nutrient requirements m the 
group was undoubtedly an important contnbutmg factor m the development 
of these ideas 


The discovery of the amicrocystogenous manne C3rtophagas drastically re- 
vised our concepts of nutntional reqmrements among these organisms, and 
showed that the group was a broader one in this respect than had been previously 
realized However, even considermg the soil species alone, there are a number of 
facts which mdicate that the ideas of Imsenecki and Solntzeva were somewhat 
oversimplified 

Is it possible that m nature the Sporocytophaga species would form typical 
myxococcus frmts? This seems most unhkely It must be remembered that the 
loss of abihty to fruit normally under laboratory conditions, which has often been 
noted among the higher myxobactena, is due first and foremost to cultivation on 
unsuitable media Methods for isolation of the frmtmg myxobactena have been 
purely empincal and have allowed no insight into their natural activities and 
biochemical pecuhanties Because these orgamsms occur naturally on dung, the 
assumption developed that they were primarily coprophdic As a result, dung 
decoctions of vanous types have been commonly used for laboratory culture, even 
though in many cases it was evident that the requirements for normal fruitmg 


vere not being fulfilled by such substrates The recent wmrk of Smeszko, et al 
(1941, 1942), of Beebe (1941) and of myself (unpublished) has shown that many 
of the higher mj-xobactena are active and specialized destroyers of other forms of 
microbial life When grown wuth yeasts or bactena as a food source, species 
which fruit poorly or not at all on dung agar wall fruit normally and abundantlj'^ 
It is non clear that their frequent occurrence on dung is due largely to the ex- 
ceptionally high bacterial content of this material 
Sporocytophaga species develop m a strictly defined enrichment medium, often 
to the practical exclusion of other cellulose decomposers It is a microbiological 
axiom that the ennchment culture technique permits an msight into the natural 
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activities, the micro-ecology, of microbial groups In tins case the biochemical 
specmhzation of the Sporoqjtophaga species as determmed by means of pure 
culture studies provides convmcing support for the deductions which can be 
drawn from ennchment experiments, and makes it certam that under the com- 
petitive conditions of a natural environment these organisms can exist solely 
through attacking cellulose, with morgamc compounds as their usual nitrogen 
source Hence by cultivating them m a mmeral medium with cellulose as the 
sole source of carbon, we may be certain that we are closely approximatmg the 
conditions of their natural activities Yet not even on first ennchment plates, 
where the organisms are still for the most part m contact with sod particles, is 
there ever any sign of true frmtmg-body formation Thus the suggestion that 
S myxococcoides and S eUipsospora are typical myxococci which do not fruit 
normally under laboratory conditions seems unjustified 
We must now consider Imsenecki and Solntzeva’s concept of the Cytophaga 
species as amicrocystogenous sporocytophagas Although at first sight it might 
seem reasonable to assume that this is true of C hutchinsomt and C auraniiaca, 
we do not know of the existence of microcystogenous equivalents for the other 
sod and for the marme species, which must then be regarded as mdependent forms 
Furthermore, the permanent loss of the abdity to form microcysts has not been ex- 
perimentally demonstrated, although if this is a common occurrence m nature, as 
Imsenecki and Solntzeva seem to imply, it should be easdy brought about under 
laboratory conditions Even were it possible to produce an amicrocystogenous 
race of 5 myxococcoides, my work has shown that it could be distmguished from 
C hutchinsonii m a number of ways Without den3ang the hkehhood that a close 
relationship exists between the sod Cytophaga and Sporocytophaga species, I feel 
that the avadable evidence supports the contention that they are mdependent 
assemblages 

Although it IS thus fauly certam that the Sporocytophaga and Cytophaga species 
are not merely variant forms of true myxococci, it m more difficult to decide 
whether from the evolutionary standpomt they should be regarded as derived 
from frmtmg members of the Myxococcaceae or as primitive forms The dis- 
covery of new representatives may throw some hght on this, but a final answer to 
such questions is very rarely possible In the ultimate analysis, pronouncements 

on phylogenetic problems are guesses based on the accumulated knowledge and 
scientific tact of the mvestigator concerned 
There are two ways m which the cytophagas may be mcorporated mto the 
Myxobactenae as this class has been defined above 
The first possibihty is to combme the genera Sporocytophaga and Cytophaga 
mto a smgle famdy, or perhaps order, which would be set apart from the remam- 
mg groups as containing non-frmtmg myxobactena, a sort of Myxobactena Im- 
perfecta The second possibfiity is to mclude the genus Sporocytophaga with the 
family Myxococcaceae, and create a new family for the amicrocj^togenous group 
alone There are advantages and disadvantages to both approaches 
In the former case, the obvious relationships between the Myxococcaceae and 
Sporocytophaga are not brought out, and the important character of microcyst 
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formation assumes a mmor position On the other hand, the two groups of 
cytophagas, which are also related to each other, remain together, and the differ- 
ences m structural complexity between them and the higher myxobactena re- 
ceive full expression 

In the latter case, the mclusion of the genus Sporocytophaga m the Myxococ- 
caceae preserves expression of the Sporocytophaga-Myxococcus relationship and 
retains the property of microcyst formation as the major differential character of 
the Myxococcaceae However, the two groups of cytophagas become more 
widely separated than is desirable, and the abihty to form frmts assumes a posi- 
tion of mmor taxonomic importance 

Which solution to adopt is a difficult problem, and can necessarily only be 
settled m an arbitrary way It depends entirely on whether one wishes to regard 
the formation of orgamzed fruits or the formation of microcysts as the more im- 
portant character I have decided to use the latter pohcy by placmg the genus 
SpoTocytophaga m the Myxococcaceae and creatmg a new family Cyiophagaceae 
for the amicrocyrstogenous species (Stamer, 1940) There are mdications from 
the work of Imsenecki and Solntzeva that m S eUtpsospora a sort of primitive 
fruitmg occurs by the formation of small microcyst aggregates, a finding which 
tends to show that the separation of frmtmg and non-frmtmg myxobactena may 
not always be a simple matter On the other hand, the separation of micro- 
cystogenous and amicrocystogenous forms is perfectly clear cut, so that from the 
detenmnative standpomt, at least, this system of separation is perhaps the most 
satisfactory one Of course, the possibdity remains that amicrocystogenous 
races will be denved experimentally from Sporocytophaga species and will have to 
be placed m a separate family from the parent organism The same type of 
difficulty exists, however, m the Evbactenae, where the family BaciUaceae is de- 
fined solely on the property of endospore formation even though asporogenous 
races of Bacillus species are known 

The foUowmg key to the famihes of the Myxobaclenae (there is only one order, 
Myxdbactenales, with defimtion as for class) will make clear the proposed ar- 
rangement 

I Vegetative cells thick and short, with blunt, rounded ends 
A Microcysts rod-shaped 

Family I Sorangiaceae 

II Vegetative cells long and thin, sometimes spindle-shaped with pointed ends 
A Microcysts rod-shaped 

Family II Polyangiaceae 

B Microcysts sphencal or oval 

Family III Myxococcaceae 

C Microcysts absent 

Family IV Cyiophagaceae 

The definition of the fa mil y Myxococcaceae must be amended to read “The 
^ong slender rods become shortened to form sphencal or oval microcysts, defimte 
fruitmg bodies may or may not be formed ” 

The family Cyiophagaceae (Stamer, 1940) is defined as follows “Long slender 
rods Neither frmtmg bodies nor microcysts formed ” 
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Detailed taxonomy and descnphons of species. 

The inclusion of the genus Sporocytophaga in the Myxococcaceae necessitates a 
revision of the genera in this family Jahn’s (1924) treatment, as accepted by 
Buchanan m the fifth edition of Bergey’s Manual, left somethmg to be desired m 
any case His key to the genera runs as follows 

I Spores be in a loose slime Fruiting body spherical or lengthened to columnar At 
the base there may develop a kind of foot ns a result of abundant slime formation 

I Myxococcus 

II Spores united by a viscous sbme into frmting bodies of a definite form 
A Fnutmg body constncted or branched bke coral 

II Chondrococcus 

B Spores he in cysts of definite shape 

III Angiococcus 

The foUowmg amended key, mcludmg the genus Sporocytophaga, is proposed to 
take its place 

I No cysts formed 

A Definite frmting bodies formed 

1 Fruiting bodies deliquescent 

I Myxococcus 

2 Fruiting bodies not deliquescent 

II Chondrococcus 

B No definite frmting bodies formed 

III Sporocytophaga 

n Cysts formed 

IV Angiococcus 

Such a separation has several advantages over Jahn’s Although mtermediate 
forms may later be found, at present the sharpest division m the Myxococcaceae is 
one based on the presence or absence of cysts On the other hand, the dividing 
hne between Myxococcus and Chondrococcus is not a sharp one The position of a 
number of species depends entirely on whether one uses the shape of the frmting 
body or its dehquescence as a cntenon Jahn tned to use both, with the result 
that neither was clearly stressed Examples of mtermediate forms impossible to 
place unless the distmction between these two genera is made more rigorous, are 
Myxococcus cruentus Thaxter and Myxococcus exiguus Kofler The former spe- 
cies was restudied by the Krzemiemewskis (1930) , they found that although its 
frmts were very similar m color, size and shape to those of M fulvus, they were 
non-dehquescent and surrounded by a firm membrane Consequently the 
Krzemiemewskis plaeed this species m the genus Chondrococcus My studies on 
M exiguus (unpubhshed) have revealed a similar situation 

The statement by Jahn that the fnutmg bodies m the genera Angiococcus and 
Chondrococcus have a “bestimmte Form”, with the imphcation that this is not the 
case for the genus Myxococcus, is also misleadmg The frmts of M fuhus and 
M mrescens certainly have a defimte form, whereas those of C coralloides are 
highly variable m size and shape 

The genus Sporocytophaga is defined as follows 
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Sphencal or ellipsoidal microcysts formed loosely among the vegetative cells 
Fruiting bodies absent 

The type species is Sporocytophaga myxococcoides (Hutchinson and Clayton 
emend Krzemiemewska) Stamer At present only one other species, Sporo- 
cytophaga elhpsospora (Imsenecki and Solntzeva) emend , can be recogmzed with 
certainty as belongmg to the group S elhpsospora is sharply distmguished from 
S myxococcoides by its oval microcysts and orange color C gldbulosa Stapp and 
Bortels differs m no essential respect from S myxococcoides and must be con- 
sidered a synonym A species more difficult to place is the one described by 
Rippel and Flehmig (1933) under the name Itersoniaferruginea In many ways 
this organism bears a suspicious resemblance to myxococcoides, although its 
vegetative morphology appears to be somewhat different Rippel and Flehmig 
themselves considered the two organisms to be (hstmct, but the reasons for this 
are not clearly given It is likely that some of Johnson’s (1932) chitin-decom- 
posmg my^i-obactena belong to the genus Sporocytophaga The descnptions 
given were far from complete, and as Johnson did not name any species they are 
perhaps best left out of consideration until more detailed studies have been made 

The followmg descriptions are based on my own work unless otherwise stated 


Key to the species of the genus Sporocylophaga 
I Microcysts sphencal 

II Microcysts oval 


1 Sporocylophaga myxococcoides 


2 Sporocylophaga elhpsospora 

1 Sporocylophaga myxococcoides (Hutchinson and Clayton emend Krzemiemewska) 
Stamer (1940) Synonyms Micrococcus cytophagus Merker (1912) Spirochaeta cylophaga 
Hutchinson and Clayton (1919) Cylophaga myxococcoides Krzemiemewska (1933) Cylo- 
phaga glohulosa Stapp and Bortels (1934) Cylophaga hulchinsonii Imsenecki and Solntzeva 
(1936) Myxococcus hulchinsonii Imsenecki (1940) not Cylophaga hulchinsonii Winogradsky 
(1929) 

Vegetative morphology Flexible, weakly retractile, singly occurnng rods, 0 3-0 4 by 
2 5-8 0 microns Gram negative The yoimg cells stam uniformly ■with Winogradsky’s 
or Giemsa’s stain As the rods begin to shorten and round up pnor to microcyst formation, 
the chromatin material becomes concentrated in bands or spots which are usually centrally 
located Star formation is common m liqmd media 

Microcysts Sphencal, varying in size from 1 2 to 1 6 microns The microcysts are 
surrounded by a highly refractile wall or sheath They stain evenly and intensely with 
many stains 


Growth on cellulose On mineral sibca-gel plates or agar plates covered n ith a piece of 
filter paper, glistening, light yellow patches become apparent after 4-5 days These 
patches spread slowly, while the central areas become translucent due to the complete lysis 
of the cellulose fibers Old cultures often assume a brownish tinge 

In tubes of liquid mineral medium ■with filter paper partly immersed, growth occurs as a 
^ e jellow region at the air-water interface There is never any ■visible development 
on the water level, but so long as the upper part of the strip remains moist the growth 
spread on the paper above the liquid surface The liquid itself remains perfectly clear 
, s the filter paper at water level has become completely dissolved, in its place 

ere is a membranous yellow “skin” composed of organisms held together by slime 
rowth on filtered glucose In tubes of mmeral medium with filtered glucose growth is 
Smnular and uneven, with very little turbidity On the glass walls and in the liquid there 
occur small yellow floccules 
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On mineral filtered glucose agar plates, two colony types appear after 3-4 days One 
type consists of very small, round colomes with even edges The other type is flat and 
irregular with an uneven edge where active swarming takes place Both are pale yellow 
and translucent As the culture ages, the former type breaks down and begins to swarm, 
so that the differences between the two t}ipes tend to disappear The agar beneath the 
colonies becomes irregularly etched and sunken, although actual agar decomposition 
apparently does not take place 

Utililsable carbon sources Cellulose, cellobiose and glucose 

Utihzable nitrogen sources (NH 4 ) 3 S 04 , KNOj, aspartate, asparagm, peptone, yeast 
extract, urea 

Catalase positive 
Strictly aerobic 

Temperature range 20-35 C Optimum 36 C 
Source and habitat Soil Extremely common 

2 Sporocytophaga elhpaospora (Imseneclo and Solntzeva) nov comb Synon 3 Tn Cyloph- 
aga elhpsospora Imsenecki and Solntzeva (1936) 

Descnption taken from Imsenecki and Solntzeva 

Vegetative morphology Flexible, singly occumng cells Average dimensions 0 46 by 
7 6 microns 

Microcysts Oval or somewhat elongated, 0 9 by 1 66-1 8 microns Not as refractile as 
the miorocysts of S myxococcotdes Usually occur in aggregates 

Growth on cellulose On mineral sihca-gel plates covered with filter paper there appear 
glistemng, mucoid, orange spots As the orange areas spread, the central portions become 
translucent owing to complete lysis of the fibers 

In tubes of liquid mineral medium with filter paper partly immersed, an orange strip or 
separated orange spots are found at the air-water interf ace or a httle above it The colored 
area gradually spreads upwards on the filter paper, and m its place there develops a thm, 
transparent pellicle similar to that formed by S myxococcoidea 

Utihzable carbon sources Only known one is cellulose Others have not been properly 
tested 

Utihzable nitrogen sources Ammonia, nitrates, peptone Others have not been tested 
Strictly aerobic (Jensen, 1940) 

Temperature range 15-37 C Optimum 28 C 
Source and habitat Soil 

In the family Cytophagaceae, there ib only one genus, Cyiophaga Wmogradsky 
emend , with descnption as for family The genus is thus now defined entirely on 
morphological characters, without any of the reservations as to nutnent re- 
quirements which were proposed by Wmogradsky Such a treatment, desirable 
on general grounds alone, has been made necessary by the discovery of the marine 
cytophagas and the revision of our ideas on the nutntion of the soil cytophagas 
The number of vahd species is a debatable pomt The two manne agar-de- 
composers are clearly distmct from each other and from the other members of the 
genus, but among the soil forms matters are less clear-cut Wmogradsky’s four 
species C hidchinsomi, C rubra, C auranitaca and C tenuissima may be differ- 
entiated on the basis of pigmentation, although only for the first two species do we 
have adequate descnptions Wmogradsky’s C lutea, which differed from C 
huichtnsomi m size and shape of the vegetative cells alone, to judge from his 
descnptions, has a somewhat doubtful status m view of the vanabihty of these 
characters Hence this species should perhaps be regarded as synonymous with 
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C hutchinsomt, at least until some further methods of distmguishmgbetween them 
have been foimd The same apphes to the four species described by Stapp and 
Bortels (1934) We are thus left with six species m the genus, of which C 
huichinsonii is the type 

Key to the species of the genus Cytophaga 

I Soil group Specialized cellulose decomposers, with a hmited range of carbon 
sources Cannot develop in the absence of carbohydrates Grow well in a mineral 
medium with a suitable carbohydrate and an morgamc mtrogen source Optimum 
temperature 30 C 
A Yellow pigment produced 

1 Cytophaga hulchinsontt 

B Orange pigment produced 

2 Cytophaga aurantiaca 

C Pmk pigment produced 

3 Cytophaga rubra 

D Ohve green pigment produced 

4 Cytophaga tenuissima 

n Manne group Not specialized cellulose-decomposers, can utilize a wide range of 
carbon sources Can develop in the absence of carbohydrates Cannot grow with 
morgamc mtrogen sources alone Optimum temperature 22-25 C 
A Produces a black diffusible pigment 

5 Cytophaga krzemiemeuisKae 

B Does not produce a black diffusible pigment 

6 Cytophaga dtffluens 

1 Cytophaga hutchtnsonn Winogradsky (1929) Synonyms Cytophaga lutea Winograd- 
sky (1929) Cytophaga sylvestns, Cytophaga anularts, Cytophaga JUmcula and Cytophaga 
crocea Stapp and Bortels (1934) not Cytophaga hulchinsontt Imsenecki and Solntzeva 
(1936) 

Vegetative morphology Flexible, weakly retractile, smgly occurring rods, 0 3-0 5 by 
2 0-10 0 microns Length very vanable, average about 6 0 microns Gram negative 
Stam umformly with Winogradsky’s or Giemsa’s stams Thread-like or coccoid involution 
forms may occur in old cultures 

Growth on cellulose On mineral silica gel or agar plates covered with filter paper, bnght 
yellow, ghstenmg, highly mucilagmous patches appear after 3-5 days and spread rapidly 
Fibrolysis is mtense, and the older portions of the colonies soon become transparent Old 
cultures retain their bnght yellow color almost indefimtely 

In tubes of hqmd mineral medium with filter paper partly immersed, growth becomes 
apparent after 3-5 days as a bnght yellow area on the paper at the air-water interface The 
powth area has a tendency to spread upwards, but there is never visible development 
elou Water level The liqmd rapidly becomes turbid and semi-opaque, this is not caused 
J the orgamsms themselves, but is due to the gum which they produce, and which partly 
'Solves to give an opalescent solution After about five days the paper at the water level 
decomposed and tends to break A pellicle of cells and firm shme is never 
EU tituted for the paper as in 5 myxococcoides 

, oil filter-stenlized glucose In liqmd cultures growth is at first even throughout 

c liquid and charactenstically “silky” Turbidity is very marked, but this is largely 
ue to gum production In cultures with more than 0 5 per cent glucose a heavy , slimy, 

^ pellicle often forma on the surface 

j mineral glueose-agar plates, bnght yellow, ghstenmg, slimy raised colonies develop 
th cultures grown at 30 C , swanmng masses can be observed moving out here and 
ere from the penphery, but in older cultures and on plates grown at room temperature 
arming is almost completely absent There is never any etching of the agar 
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Utilizable carbon sources Cellulose, cellobiose and glucose 

Utilizable nitrogen sources Ammonia, nitrates, aspartic acid, eisparagm (some strains), 
peptone, yeast extract 
Catalase positive 
Strictly aerobic 

Temperature range 16-30 C Optimum 30 C 
Source and habitat Soil Extremely common 

2 Cylophaga auranltaca Winogradsky (1929) Synonym Mycococcus cylophagua Bokor 
(1930) pro parte (?) 

Description taken from Winogradsky 

Vegetative morphology Flexible, singly occumng rods, 1 0 by 6 0-8 0 microns Very 
similar to C htilchinsontt 

Produces orange mucilaginous patches on mineral sihca gel plates with filter paper 
Fibrolysis is very rapid and intense 
Source and habitat Soil 

3 Cylophaga rubra Wmogradsky (1929) 

Vegetative morphology Flexible, weakly retractile, smgly-occurnng rods, 0 6-0 7 by 
3 6-11 0 nucrons Very vanable in length, average about 7 0 microns Gram negative 
Cells stain evenly with Winogradsky’s or Giemsa’s stain 

Growth on cellulose On mineral silica gel or agar plates covered with filter paper, 
diffuse, bright pink, rapidly spreadmg patches appear after a few days The colored 
patches are only very shghtly mucilagmous Fibrolysis is much less marked than with 
C hulchinsonii, the action on cellulose is invasive rather than destructive 

In tubes of liqmd mineral medium with filter paper, bright pink growth becomes apparent 
after 2-3 days While strongest at the air-water interface, it also occurs above and 
marked contrast to the other species) below the water level Many cells occur free m the 
medium, which becomes famtly turbid and silky, with a pale pink color The attacked 
filter paper becomes weak and macerated, but there is never a complete lysis On sbakmg, 
the attacked paper breaks up into particles and shreds of fibers 

Growth on filter-stenlized glucose In liqmd cultures an even turbidity is produced 
The growth is pale pink and silky 

On glucose mineral agar plates, colonies are always very small and inconspicuous, never 
attaimng a size of more than 2 mm They are pale pink, translucent and sunken in the 
agar, with hazily defined penphenes Swarmmg is never apparent 

Utilizable carbon sources Cellulose, cellobiose, glucose, mannose and xylose 
Utihzable mtrogen sources Ammonia, mtrates, aspartic acid, asparagin, peptone and 
yeast extract 

Catalase positive 
Stnctly aerobic 

Temperature range 16-30 C Optimum 30 C 
Source and habitat Soil Fairly common 

4 Cylophaga lenutssivia Winogradsky (1929) 

Descnption taken from Winogradsky 

Dimensions of cells not given, but described as being extremely tenuous 
Produces mucilaginous olive-green patches on filter paper silica gel plates 
Source and habitat Soil Probably rare 

6 Cylophaga krzemiemewskae Stanier (1940) 

Morphology Long, very flexible rods, 0 5-1 6 by 6 0-20 0 microns Gram negative 
Star-shaped aggregates are common in bqmd media Coccoid involution forms frequently 
occur in old cultures 

Sea -water peptone agar plate Growth begins as a smooth, pale pink, rapidly spreadmg 
swarm After a few days, the older portion of the swarm assumes a warty appearance due 
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to the accumulation of the cells in drop-like masses resemblmg immature fnuting bodies, 
but always contaimng normal vegetative cells A diffusible brown to black pigment which 
masks the pink color of the swarm is produced after about a week Agar is rapidly decom- 
posed, and ultimately liquefaction becomes almost complete 
Sea-water gelatm stab Liquefaction 

Growth in hqmd media (sea-water peptone broth, sea-water glucose peptone broth) is 
turbid and silky with a pmk sediment, the medium turns dark brown or black after 1-2 
weeks 

TJtihzable carbon sources Xylose, glucose, galactose, lactose, maltose, cellobiose, 
cellulose, alginic acid, agar and starch, also proteinaceous materials 
Utilizable mtrogen sources Yeast extract and peptone are the only smtable ones known 
Weakly catalase positive 
Indole not formed 

Salt concentration range 1 5-5 0 per cent 
Stnctly aerobic 

Temperature range 15-30 C Optimum 22-25 C 
Source Sea water 

Habitat Probably decaying manne vegetation 
6 Cytophaga dtffltiens Stamer (1940) 

Morphology Flexible rods, 0 5-1 5 by 4 0-10 0 microns Gram negative In old 
cultures involution forms consisting of long, twisted, thin threads are found Star-shaped 
aggregates of cells occur m hqmd media 

Sea water peptone agar plate Growth begms as a thin, pmk, rapidly spreading swarm 
which covers the entire surface m a few days The swarm gradually increases m thickness 
and develops an irregular, beaten-copper surface due to the hquefaction of the underlying 
agar After 4-5 days the color becomes orange Liquefaction of the agar is ultimately 
almost complete 

Sea-water gelatin stab Rapid hquefaction 

Growth in hqmd media is turbid, often with suspended floccules and a heavy pellicle 
Utilizable carbon sources Xylose, glucose, galactose, lactose, maltose, cellobiose, 
cellulose, agar and algmic acid, also proteinaceous materials 
Utilizable mtrogen sources Yeast extract and peptone are the only smtable ones known 
Weakly catalase positive 
Indole not formed 

Salt concentration range 1 6-5 0 per cent 
Stnctly aerobic 

Temperature range 15-30 C Optimum 22-25 C 
Source Sea water 

Habitat Probably decaymg manne vegetation 


ADDENDUM 

■'^ter this monograpli had been completed, there appeared a short note by 
fuller and Norman (J Bact , 44, 256) m which several new soil forms were 
escribed These orgamsms differ from the classical soil cytophagas through 
^ eir far greater physiological versatihty, growmg vigorously on a wide variety 
° simple carbohydrates and even, m some cases, not attackmg filter paper 
ough the kmdness of Dr Norman I have been able to examine several of 
ese cultures They conform to the requirements for mclusion m the cyto- 
group as presented above, and thus furmsh an mterestmg biochemical 
th^ n ^speciahzed” manne species Further work may well show 

e non-fruitmg myxobactena comprise a large and vaned assemblage 
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The extraneous cell coatmgs and intercellular cements present throughout 
the zoological scale have recently been given deserved attention (28, 29, 123, 
98, 45) (See 152, 7, 257 for theones on the ongm and nature of one of these 
substances, the ground substance of the mesenchyme, m embryonal life ) In 
the present review we shall be concerned mamly with the ground substance, m 
the post-embryonal stage of higher vertebrates, in which it occurs m all vaneties 
of simple and speciahzed connective tissues, and m other locations Smce most 
substances reachmg cells must pass through the ground substance, infectious 
agents and their secretions must also traverse it In this ground substance the 
phenomena of inflammation occur and therefore analysis of its nature is im- 
portant to bacteriologist and physiologist ahke Infection is too often described 
as developmg between cells, humoral bodies, and infectious agents wuthout much 
regard for the field where it takes place Efforts by bactenologists to clarify 
the importance of this field m infection, and the results of direct expenments 
a few physiologists, have provided facts which form a basis for the concept 
of Vermeabihty of the connective tissue (C T ) It would seem that all these 
facts could be properly ranged with or between those concemmg cell perme- 
obtlity and capillary permeabihty It will be shown that the permeabihty of the 
has a normal, constitutional state or tonus which can be mcreased by 
certain factors and decreased by others, and these fluctuations of permeabihty 
result m parallel fluctuations in the degree of the infection which may have a 
ecisive bearmg on the final issue of the process Of the factors mcreasmg the 
permeabihty of the C T undoubtedly the most important are the spreadmg 
ectors (S Fs ), some of which are today identified with mucolytic enzymes 
0 these factors a great part of our study will be devoted 

Practically all of the work by the author on the subject was earned out in the Rockefel- 
er Institute of New York in the Department of Dr J B Murphy to whom we are thankful 
Wthe facilities given 
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SOME MORPHOLOGICAL AND FUNCTIONAL DATA ON THE CONNECTIVE TISSUE 

Origin and distribution of the ground substance It is generally accepted that, 
m adult life, the ground substance is a product of secretion of the C T cells 
(152, 257, 101, 11) and that through progressive transformations of this sub- 
stance, argyrophihc fibers, collagen, and the matrices of all mesenchymal tissues 
are formed (101, 152) Its distribution has been studied by S Bensley (11), 
who routmely used tolmdme blue to detect it She showed that m the gumea 
pig pancreas after duct ligation, and in the human uterme mucosa, there is a 
succession of phases edema — ^ gelatmous ground substance — »■ argyrophihc 
fibers — > collagen, the ground substance bemg considerably reduced at the last 
phase The distnbution of the ground substance was found to be the same m 
the umbihcal cord, mtima and media of blood vessels, C T of lower vertebrates, 
gastnc mucous membranes, and m general m all reticular and embryomc tissues 

Physical and chemical properties Benaley’s work has disclosed some general properties 
of the ground substance By mounting fresh tissues in a medium of a different refractive 
index it IS seen as a contmuous, fairly granular, transparent substance in which fibers are 
imbedded It is elastic and tends to retract when cut As judged by the reactions of 
paramecia injected into the C T , it is viscid and possibly acid Its refractive index is 
between 1 33 and 1 34 It is extractable with 10% salt solution, and half-saturated lime 
water It is digested by trypsin but not pepsm in contrast to collagen where the reverse is 
true It combines with copper salts suggestmg that it may contain a derivative of chon- 
droitm sulphunc acid 

The same year that Bensley reported her histological observations Meyer, 
et al contnbuted the first chemical observations on compounds whose identity 
with those present m the ground substance was later to be established These 
compounds are of basic interest to us because they are the substrates of many 
S Fs In 1934 Meyer and Palmer (183) reported the occurrence in vitreous 
humor of cattle eyes of a polysacchande consistmg of equimolecular parts of 
hexosamme (d-glucosamme), hexuromc (glucuromc) acid, and acetyl, the latter 
apparently as N-acetylglucosamme They named this compound hyaluronic 
acid Later, they duphcated the finding on aqueous humor and Wharton’s 
jelly (184, 186) and on synovial fluid from cattle (185) Kabat (120) has iso- 
lated hyaJuromc acid from a leucotic tumor of the fowl, and Meyer and Chaffee 
(175, 177a) have obtamed it from a mesoendothehoma of the human pleura and 
pentoneum Several authors have extracted from rabbit skm (27, 41) and from 
rabbit fasciae (214) a mucoid substance showmg typical reactions of hyaliuomc 
acid, and the acid has been isolated from pig skm (178) A monosidfunc acid 
ester of hyaluromc acid has been isolated from cattle cornea (177) Hyaluromc 
acid IS absent from blood, cerebrospmal flmd, and nasal and gastnc mucm 
It has been found but m varymg concentrations m the ocular humor of 7 ammal 
species mcludmg man, bemg highest m cattle It has a high molecular weight, 
and does not dialyze through collodion membranes of great porosity It is 
viscid, soluble m water, and precipitable by acetic acid It occursjree or m salt 
linkage, and is not chemically bound to protem, but it will combme stoichio- 
metncally with the free anuno groups of protems at pH’s lower than the iso- 
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electnc point of the proteins to form salts The so-called mucins or mucoids 
prepared by acidifymg the diluted solutions of such flmds as synovial flmd or 
vitreous humor are such salts They are artefacts, which apparently do not 
occur in nature In all flmds so far mvestigated h3’-aluromc acid migrates m 
the electnc field at pH 7 6-7 8 with the same speed as the isolated pure acid 
Hyaluromc acid is not antigenic (173a, 177a) The same compound, also sero- 
logically mactive, has been isolated (121) from mucoid strains of streptococcus 
Staining 'properties There is great need for a specific microchemical test 
for compounds of hyaluromc acid to detect its exact distnbution m tissues whose 
intercellular cements are still imperfectly Imown (29, 253, 30) The ground 
substance had been descnbed as stammg with vanous dyes, but none of the 
usual methods of coloration of the C T is specific Toluidme blue and thiomn 
have been much used to distinguish between mucin (stammg violet) and nuclei 
(blue) 

Bensley (11) concluded that toluidme blue, although not a microchemical test for the 
ground substance stains it differentially and metachromatically, an effect shared to a cer- 
tain extent by thionm Sylven (239) proved the selectivity and supenonty of toluidme 
blue as compared to mucicamxm, and showed that ‘‘mesodermal mucus” is the result of 
CT activity and not one of degeneration It was known that tolmdme blue stained 
blue most elements of a histological section, but several structures stamed metacbromatic- 
ally m purple or red Lison (130) reported that all esters of sulfunc acid of high molecular 
weight mcludmg such polysaccharides as mucoitin and chondroitin sulfunc acids and 
hepann, substances closely allied to hyaluromc acid, gave the metachromatic reaction 
which he considered as specific However, Kelly and Miller (120a) have found the reaction 
to take place with some isolated components of the nuclei, and m all probabihty the reac- 
tion IS positive with all substances of high molecular weight havmg an acidic function 
(173a) (See 120a for further data) 

Hepann has been identified by Jorpes as a mucoitm polysulfunc acid, givmg a typical 
metachromatic reaction Subsequently, there was demonstrated (116, 117, 239) the iden- 
tity between hepann and the metachromatic granules of mast cells But besides these 
cells, several other structures (capsule of some organs, vessel walls, eye tissues, stroma of 
neoplasms, etc , and m close association with elastic fibers, smooth muscle and endothe- 
hum) were found to contam large amounts of extracellular metachromatic substance 
Although the occurrence of this substance m tissues and mastcclls was always proportional 
to their content of esters of sulfunc acid of polysacchandes, lack of correlation between 
the amount of extracellular metachromatic substance and that of mastcells occurred fre- 
quently In such cases, it has been assumed that the extracellular substance was not 
hepann but ordinary chondro- and mucoitin-sulfunc acids (See review by Best (12) for 
additional data ) 

The only true denvative of hyaluromc acid found in the body thus far is the hyaluronic 
^func acid ester of the cornea (177), a tissue giving a beautiful metachromatic stain (117) 
t has first thought that hyalurono-sulfunc acid likewise occurred m pigskm , subsequently , 
owever, it was found (178) that the first preparations were mixtures which could be sepa- 
hyaluromc acid and a second sulfate containing acid polysaccharide believed 
0 be an isomer of chondroitin sulfunc acid 

Ilierefore, the general occurrence of Bulphur-containmg polysacchandes other 
than hyaluromc acid (see 174) makes it difficult to evaluate to what extent 
compounds of hyaluromc acid are responsible for the metachromatic stam m 
c skin as well as m other tissues Also, the significance of the reaction in struc- 
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tures such as the Nissl gianules and some components of umcellular organisms 
remains to be determmed Stainmg with tolmdme blue after treatment of tissue 
shces with hyaluromdase might be a means of improvmg the method 

Data from studies on articular structures and neoplasms These data are helpful 
m mterpretmg phenomena of infection or other processes takmg place in the 
C T under comparable conditions It is mterestmg to consider that there is 
many a common pomt m the theones proposed to explam the formation of the 
s 5 movial and ocular flmds, and the formation of the ground substance of the 
C T (122, 250, 9) The case of the synovial membranes is particularly lUum- 
inatmg smce it is now generally accepted that the synovial membrane is modi- 
fied C T 

As far back as 1886, Retterer regarded the primitive tissue between embryomc cartilages 
as tbe result of the fusion of clefts, where mucm accumulates, appeanng in the mea 
enchymatous syncytium (see 250), and Vaubel (250), after his work on tn vitro culture of 
synovial cells, extended this conception to adult hfe “The histological and physiological 
properties of the synoviahs, its great reparative and prohferative power and the nature of 
its cytological response to mjury all indicate that the articular lumen represents a con 
neotive tissue space” (9) The recent work by Meyer, et al has added to this by showing 
that hyaluromc acid is a co mm on component of synovial flmd and of the ground substance 
A type of synovial cell, the “synovioblast” of Vaubel has been found to contain m its 
cytoplasm granules which stain bluish or reddish with toluidine blue while others remain 
unstamed Such cells secrete mucm as well as proteolytic enzymes, both bemg evident in 
tissue culture (250) Mucm production is not the result of cell death but of cell activity, 
and, m inflammation, the number of cytoplasmic granules and the secretion of mucm in 
creases greatly (122) When synovioblasts change into fibroblasts there is a dumnution of 
mucm secretion Toluidme blue stains the ground substance of the synovial membranes 
metachromatically, and this substance also blackens upon silver impregnation 

Neoplasia exaggerates the production of hyaluromc acid by tissues which 
secrete it normally Such is the case m the primary and metastatic neoplasias 
of the synovial tissues, which has been shown (122) to secrete large amounts of 
synovial mucm, and m the highly viscid sarcomata of birds (120) But m other 
cases, e g , the endothehomas of pleura and peritoneum (177a), the presence of 
the acid m the normal tissue from which the neoplasia has ansen has not been 
reported 

Data on blood and lymph vessels Studies by several histologists, some of them datmg 
back to 1851, strongly suggested the existence, m some tissues, of an adventitia m blood 
capillaries (see 253) Volterra (253, 252) has conclusively shown that the adventitia repre- 
sents an mdispensable and constant element of all capillaries Silver impregnation shows 
it to consist of a dehcate reticulum spread on and merged with an amorphous fundamental 
substance, and the whole structure forms a complete membrane composed of what V olterra 
calls lamellated reticular tissue which is contmuous with the fibers of the surrounding C T 
Recent studies (35, 36,115, 206) have added further to the mtimacy of the relations between 
C T and blood and lymph capiUanes The studies of Chambers (30) and of Zweifach 
(260) have defined the cement present between the endothehal cells of blood capiUanes as a 
sticky, argyrophihc matter, contmuously secreted by the cells themselves, and conditioned 
by Ca salts and the pH level The cement behaves as if it were a salt of Ca, is digested by 
trypsin, and is not laid down m the absence of vitamin C 
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The motion of moMer through the C T Tissue permeability Despite the exis- 
tence of many vaneties of C T one can visuahze the field, where the phenomena 
to be descnbed take place, as consistmg essentially of a viscid ground substance 
m which argyrophihc fibers, collagenous bundles, cells and fibrogha, and lymph 
and blood vessels are embedded One is struck by the resistance offered by 
the C T to penetration by foreign fluids introduced either by micromethods or 
by simple mtradermal mjections, and the mterstitial dispersion of matenals 
toward cells must be achieved by overcoming a strong bamer 

There was current a belief that between cells and fibers of the C T channels existed, and 
that through these "spaces” free fluid moved However, the Clarks (35), by usmg the 
transparent chamber method, observed that there is no Brownian movement m the lelly- 
like ground substance, and concluded that normally these are no tissue spaces in the strict 
sense McMaster and Parsons (169) approached the problem by studymg the escape of 
vital dyes mjected into lymphatic capillaries in a vanety of C Ts of the mouse and rabbit 
In the absence of edema, the dye escapes from the vessels as bristly, wavy bnes of color 
formed by the dye movmg between or along the C T fibrils The flmd moves through tis- 
sues m thm films “captured” by capillary forces as if caught between two pieces of glass 
(169) It never oozed from a microscopic stab wound in normal skm (199) Wolbach 
(267) had already found evidence that fibrogha cells and fibers are conductors of the agents 
determmmg the ahgnment and distribution of collagen In subsequent studies, McMaster 
(167) showed that the resistance of the C T to penetration by fluid is not overcome until 
a pressure of 8 5 cm of water has been reached 

In summary, despite the viscous consistency of the ground substance, metab- 
olites must move easily through it, probably impelled by capillary forces But 
as a result of this viscous consistency, the ground substance offers a pronounced 
resistance to penetration by foreign matter, among which infectious agents and 
their secretions must naturally be mcluded Vanations m this resistance are 
the onl)’^ or the mam determmants of the permeabihty of the tissue 

phtsiologicaij factors modifying the permeability of the connective 

^ TISSUE AND THEIR INFLUENCE ON INFECTION AND RESISTANCE 

1 Early m the work on S Fs it was observed that although physiological factors 
, were the most powerful m modifying the permeabihty of the C T they were not 
the only ones For example, the age and race of the host, and mdividual and 
regional characteristics of the skm were found to be important determmants (57) 
Judging by observations on the skm there is m each mdividual a normal state 
of permeabihty which does not change fortmtously, but rather obeys rules 
Eefore reviewmg some of the factors conditionmg tissue permeabihty, some 
data concemmg the technics employed should be set forth 

Methods of measuring the permeability of the C T These consist of interstitial injections, 
gewrallyinto the skin, of a colored matter, i e , diluted India ink, poorly diffusible dyes such 
as T 1824 (Evans blue), Pontamine sky blue, hemoglobin (140), or some toxic substance 
such as diluted diphtheria toxm (163) which will induce a shght local reaction The extent 
a a local infection is in itself an indicator of permeabihty To study the possible effect of 
a substance on tissue permeabilitj , the material is mixed with a colored indicator and the 
j mixture is injected intradermally generally in rabbits A corresponding area of the skin is 
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injected with the indicator mixed with saline solution When using India ink a certain 
amount of mactivation of some spreading matenals by adsorption to the carbon particles 
takes place (87, 241) The areas of the blebs or spots resultmg from the injections and the 
density of the discoloration must be observed immediately and at different intervals after 
mjection They are generally recorded after 24 hours Sometimes it is useful to make 
injections in duphcate the first allows study of the spontaneous undisturbed spreading, 
and the second makes possible observation of the forced spreadmg which results when 
pressure is exerted on the inoculation bleb immediately after mjection The method of 
wheal disappearance time proposed by McClure and Aldnch (166) can in several respects 
be considered as measuring the tissue permeability (236) (See publications of McMaster 
for micromjection technics ) 

Constitutional Factors The most important studies are those earned out m 
relation to tuberculosis by Lurie (135) and Lune and Zappasodi (136) on six 
famihes of mbred rabbits When mdividuals of family A, the most resistant, 
were exposed to infection by natural means they developed a local ulcerative 
disease of reinfection type comparable to human phthisis When family F, 
the most susceptible, was similarly infected, a widespread disease with the charac- 
teristics of a first infection and resembhng the childhood type m man developed 
When the skin permeabfiity of the rabbits was explored by mtradermal mjections 
of India mk, it was foimd that the areas of spreadmg were, m general, mversely 
related to the survival time (390 mm* and 539 days m family A, and 934 mm* 
and 141 days m family F), but directly related to the volume of the local lesion 
m emm (295 m family A, and 1059 m faimly F) Additional relations were 
established between resistance of the animal to infection (and consequently re- 
stneted spreadmg) and the foUowmg characteristics (a) mcreased rate and 
mtensity of antibody formation, (b) large volume of nodules resultmg from 
successive mtradermal mjection of heat-killed tubercle bacilh, and (c) high 
allergic sensitivity in response to the latter treatment The relationship be- 
tween low skm permeabihty and each of the above listed manifestations of 
resistance was not an unvarymg one, and discrepancies were found m some 
of the families of mtermediate resistance, perhaps due to the lack of genetic 
unifonmty However, if one takes for each characteristic the most resistant 
family A, and compares it with representatives of two other fanuhes of mter- 
mediate and low resistance respectively, then a clear-cut relationship can be 
established 

Sex and hormones Agam the most accurate data on sex differences are those 
of Lune and Zappasodi (137) Quotmg from one of their experiments m family 
A (resistant) the spreads m males were 441 mm* and m females 819 mm*, while 
m family F (susceptible) the spreads were 720 mm* m males and 1077 mm* in 
females Comparable results were obtamed in the other experiments The 
effect of sex hormones was first studied by Sprunt, et al (235, 236) 

Treatment during 26 days of young, castrated male rabbits with 1,000-2,000 daily units 
of theebn resulted m the reduction of India ink spreads from 666 mm* (control) to 237 mm’ 
m one experiment and from 669 to 368 mm* m another Incomplete treatment resulted in 
reduction of the spreads after 1 hour but not after 24 hours In other experiments, groups 
of adult normal and castrated males and females were treated with alpha estradiol-dipro 
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pionate and the reduction of the spreads then were from 307, 324, and 336 mm* to 276, 279, 
and 289 mm* Gonadotropic hormones were somewhat inconstant in their effects, and the 
positive results conflict with those to be reported below However, factors depending on 
dosage and time could explam the discrepancies The reduction of tissue permeability by 
estrone was paralleled by a reduction of the time of disappearance of the bleb formed by the 
mtradermalmjection of 0 2 ml of salme which took 129 min in the estrone-treated rabbits 
against 76 mm m the controls But moat important was the fact that the susceptibihty of 
the animals to vaccine virus mjected mtradennally was much lower in the estrone-treated 
rabbits with dimmished skin permeabihty as compared with the controls 

Smce corpus luteum hormones are known to be antagomstio to estrogens, Lune and Zap- 
pasodi (138) studied the effect of the former on rabbits and found that they brought about a 
remarkable mcrease of tissue permeability 

Rabbits from mbred strams were given a single intravenous mjection of 0 1 mg of gona- 
dotropic hormone from human pregnancy urme The spread of India ink in the skm, de- 
termined in each rabbit before and 2-5 days after the injection, increased in one experiment 
from 1064 to 1360 mm* m females and from 965 to 1188 mm* in males The agnificance of the 
difference is appreciated from the fact that 75% of the female rabbits before hormone treat- 
ment spread the ink from 301 to 1200 mm* whereas after treatment 78% spread the ink from 
1201 to 1840 mm* Other experiments gave the same results, and in aU of them besides the 
larger spreads, the amount of ink diffused, as judged by the blackening of the skin, was 
much larger in the treated animals than in the controls A cunous fact was that about 
50 days after the hormone mjection the permeability of the skin not only was not increased 
but was actually lower than before treatment (from 976 to 614 mm*) a phenomenon which 
may suggest a dual effect of the hormone and may perhaps explain discrepancies with 
Sprout’s work 

Weinstein (256) found that parath 3 >T 0 id hormone, and to a lesser extent ex- 
tracts from the autenor portion of the pituitary, exerted a highly protective effect 
on mice against infections by BacMus anthracis, Escherichia coli and Pseudomonas 
pyocyamus, and also against tetanus toxin The protection was as high as 75% 
in nuce mjected with 1,000 mid of J? anihracis The effect of the hormones 
on tissue permeabihty was not tested in the infected mice, but spreadmg of 
India ink and testicle extract was much suppressed m rabbits similarly treated, 
this suppression bemg in direct relation to the protective effect 
Individual and regional Wide individual variations of permeabihty m the 
skm of man or animals are common Regional differences are quite clear m the 
rabbit skin, the tegument of the groins and axillae bemg much more permeable 
than that of the flanks In human bemgs the permeabihty of the skm of legs 
to trypan blue is double that of the back (see 189), the opposite bemg found m 
rabbits (96) mjected with pneumococcus autolysates The ventral skm of 
gnmea pigs is much more permeable to dyes than the dorsal skm (118) De- 
spite its interest httle is known about the permeability of the C T of different 
oi^ans We (65) have made numerous mjections of 0 15 ml of India mk dilution 
into a variety of organs of adult rabbits and compared the resultant spontaneous 
SQd forced spreadmgs with similar tests m the skm of the same mdividual 
^ tentatively concluded that the permeabihty of the C T in striated and 
^ooth muscle, and in mesentery, pancreas, mammaiy and salivary glands, and 
^gs were about the same as in the skm, both spontaneous and forced spreadmg 
practically absent On the contrary, m the ovary and most pronouncedly 
the testis both sorts of spreadmg were present 
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Functional and nutniional McMaster and Parsons (199, 168) have shown 
that (a) spread of dyes is greater in the quiet living animal than in the animal 
just killed, (b) mechamcal forces such as external pressure, motion, and pulsation 
promote spreadmg of the mterstitial fluid, and (c) durmg the early stages of 
edema formation spread is rapid while m later stages the opposite is true The 
immobilization of the limbs of rabbits (the experimental duphcation of Trueta’s 
method of treatmg war wounds) results m a very retarded absorption of snake 
venom and bactenal toxms (8), suggestmg lowered permeabihty of the CT 
The same effect was observed (232) m undernourished rabbits, and these animals 
showed a diminished susceptibility to vaccmal mfection 

Age Numerous mcidental observations (57) have suggested that the skin 
of young animals from several species is more permeable than that of the adults 

In purposely devised experiments, we found (66) that the average spontaneous and 
forced spreading of 0 50 ml of India ink dilution m the skin of 6 rabbits 1-2 years old was 
6 8 and 7 0 cm* respectively whereas the same spreads in the skin of 20 of their progeny 25- 
60 days old was 10 8 and 12 6 cm* respectively Some of the rabbits were killed and India 
ink dilution was injected mto different organs to explore their permeability as it was done m 
the adults The results were that both spontaneous and forced spreading was present m 
stnated muscles just the same as m the skin, but absent m stomach, intestme and pancreas, 
suggesting that the C T of some organs can acquire a permeability of the adult type before 
that of other organs 

An exploration (97) of the permeability of young and old guinea pigs by mtradermal in- 
jections of trypan blue showed an average spreading of 548 mm* m 69-day-old and of 284 
mm* in 14-month-old animals Increased permeability in young animals is always asso- 
ciated with softness but not necessarily with thinness of the skin Simple caliper measure- 
ments of skm folds of rabbits m the above experiments (65) gave the same figures in mothers 
and progeny, and the experiments of Rocha Silva (216) further confirm the pomt How- 
ever, m gumea pigs, (119, 118) variations m thickness correspond to vanations m permea- 
bility The adult type of permeabdity m the skin is apparently acquired early in hfe, 
because no differences occur m the mtradermal spreads in rabbits between 3 and 18 
months (137) 

It seems bkely that besides constitution, sex, age, hormones, etc , tissue 
permeabihty is conditioned by other factors, and the first that come to mmd are 
those vitamms (especially vitamm C) concerned with the buildmg of mtercellular 
matnces (257) and other substances which, as wiU be seen later, antagomze the 
effect of the S Fs It is beyond dispute that a permeable C T is an important 
factor m determmmg susceptibihty to infection, and that we are entitled to 
extend to the whole orgamsm that which has been learned from the study of the 
skm The studies of Lune were motivated (a) by the great differences m sus- 
ceptibihty to tuberculosis found among human races, (b) by the greater suscepti- 
bihty shown by females to the same disease, and (c) by the critical stage of 
sensitivity to tubercular infection durmg puberty, which was experimentally 
reproduced by hormone mjection And m each case the experimental result 
was compatible with the hypothesis The correlation was also stnct with the 
results of Gottschall and Bunney who found it easier to infect young gumea pigs 
with tuberculosis than old ones The results of Sprunt with vaccinia corroborate 
these findmgs 
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Since the permeability of the C T is obviously not specific, it would follow 
that an animal with a high tissue permeabihty should have a higher susceptibihty 
to practically any infection to which the species or the mdividual is naturally 
susceptible and mce versa Sprunt has reviewed the chmcal and experimental 
observations concenung the modification of various diseases by estrogemc 
hormones, and has added his own observations on the alteration of the course 
of myxomatosis m pregnant rabbits But more convmcmg facts are found m 
the field of infection m relation to age From our own expenence we can assert 
that young hosts mjected with the viruses of vaccmia (64), Shope fibroma (63), 
and Rous sarcoma (62) develop a disease which is both locally and generally 
much more severe than that shown by adults Numerous other examples 
emphasmng the enhanced susceptibfiity of immature mdividuals can be cited 
(10) To be sure, other factors very important m infection and resistance are 
known to be absent or present respectively m mdividuals with a presumably 
high or low permeabihty of the C T Many examples come to mind, but 
undoubtedly the most important among them is the low level m natural anti- 
bodies, and the difficulty of elaboratmg them under proper antigemc stimulation 
(both characteristics reveahng an immaturity of plasma globulins) shown by 
young mdividuals (see 62, 10) Is there an unknown cause common to these 
factors and to the permeabihty of C T , or is there a possible cause-and-effect 
relation between some of them and the permeabihty of the C T ? Tentative 
concepts m the latter direction have already been speculated upon by Lune 
(136b), m considenng the high production of antibodies to tuberculosis m rabbits 
with low skm permeabihty Further support of the same hypothesis is found 
in the high antibody production in rabbits treated with estrone (100), and m 
diseased animals (see discussion of 3), m both of which a low tissue permeabihty 
can be presumed 


THE SPREADING FACTORS (s FS ) 

Chronological In 1928 we reported (49, 50) that the vaccmal infection of the 
rabbit was considerably enhanc^ when the virus was mjected m the skm, along 
With aqueous extracts of rabbit, gumea pig and rat testicle The effect was 
everted on the host tissues and not on the virus because enhancement was also 
^sen^ed when an area of the skm was prepared by the extract several days 
ectore the virus was mjected m the same area, and because the virus isolated 
rom the enhanced lesions did not show any alteration m its infectmty These 
c servations were soon extended in our laboratory (69, 110, 201) to other infec- 
’ous agents on several animal species, and dupheated m England by McClean 
( ^) The spreadmg effect of extracts of testes, t e , the power to mcrease 
issue permeabihty, was found independently by the latter author (153), and 
“'' Hoffman and Duran -Reynals (111, 112) Later, S Fs were desenbed from 

“I'asive bactena (54), poisonous insects and snake venoms (61) and other 
sources 

^ ^hrkmg along chemical fines Meyer, et al (179, 180, 186, 185) showed m 1936 

^ ^0 enz3Tne present m autolysates of pneumococcus, tissue hash from rabbit 
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ins, Ciliary body, and from spleen hydrolysed hyaluromc acid obtamed from 
vitreous humor, synovial flmd, umbihcal cord and streptococcus, this findmg 
was duplicated in 1940 by Robertson, et al (214) with preparations from Clostri- 
dium welchii actmg on synovial flmd No correlation between all these enzymes 
and the S Fs was established until 1939 when Cham and Duthie (26, 27) m 
Oxford, identified some of the S Fs with mucolytic enzymes (hyaluromdases) 
and described the phenomenon of spreadmg m animal tissues as an enzymatic 
effect on the hyaluronic acid of the C T The findmg was soon confirmed and 
extended by several workers in both Europe and Amenca 

Distribution and varieties Under the designation of S Fs , we mclude those 
substances present m hvmg animal tissues which have the common property of 
mcreasmg the permeabihty of the C T Identification is based upon the abihty 
of the substances to spread m a nim al tissues rather than upon their enzymatic 
activity in intro, and one can state that variable amounts of S Fs are present 
m most if not m all normal and mahgnant tissues from many or all animal 
species For some obscure reason they reach a high concentration m the testes 
of mammals and m poisonous secretions of certam ammals Testes of birds, 
amphibia and reptiles, however, contain them m only small amounts (17, 58, 65) 
Their presence m plants has not been reported They are present m many 
bactena, and reach high concentrations m certain mvasive species The fil- 
terable viruses so far studied are devoid of them Despite mcompleteness of 
studies and contradictory results on some of the properties of S Fs we shall 
tentatively group them as follows 

(A) Factors with spreadmg power in vivo and an enzymatic effect on hyal- 
uromc acid in intro as shown by reduction of viscosity and by hydrolysis 
They are those present m extracts of mammahan testes and sperm, 
spleen, skm, some eye tissues (no spreadmg effect studied m the latter) 
and m the ^retions of certam mvasive bactena and poisonous animals 

(B) Factors showing spreadmg power, but no enzymatic activity in intro on 
hyaluromc acid These are present m tissues other than those above 
mentioned and m some bactena 

In stfil a third group one could mclude ascorbic acid, which has spreadmg 
power, a non-specific viscosity-lowenng power, but no hydrolytic effect, which 
characteristics are shared by some other reducmg substances, and possibly 
azoprotems Meyer, et al , though, (178a) have not found any viscosity- 
lowermg effect on pleural flmd by any of these compounds, and suggest that 
traces of enzyme present m the synovial flmd used as a substrate, but absent 
m the pleural flmd, could explam the discrepancies 

S Fs of group A A common characteristic of these factors is that they are 
the product of external secretion from the simplest organisms, bactena, to the 
more complex They serve either a nutntional or an aggressive function m 
insects, leeches, fishes, and snakes, or a reproductive function m mammals 
Their properties were mvestigated by experiments on the hvmg ammal, with 
the factor from testis before its enzymatic properties were known (140, 142, 50, 
112, 153, 154, 5, 82, 39), and more recently in intro from experiments with factors 
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from many sources on preparations of hyaluronic acid (27, 109, 85, 86, 157, 162a, 
163, 180-182, 214) The %n mtro effect of the enzyme is determined by mixmg 
the test matenal with either pure hyaluromc acid or a product nch m it and 
measurmg after different penods of tune, (a) the decrease m viscosity, (b) the 
changes in the precipitabdity of mucm by acetic acid, (c) the increase of reducmg 
substances, and (d) the mcrease m N-acetylglucosamine (see 178a for cnticisms 
on the latter test ) 

Physical and chemical properties These factors are very soluble in water, insoluble in 
most organic and many non-aqueous solvents tested, but soluble in glacial acetic acid and 
alcohol at certain concentration (140) Heatmg at 60® considerably or totally suppresses 
their activity, the mactivation bemg total at 100® They are rapidly inactivated by gentle 
shaking, and inhibited by chloroform but not by toluene, merthiolate, phenyl mercuric 
mtrate and acnflavine (27) Conflictmg results have been reported on their inactivation 
or further reactivation by lodme, sulfites, arsemtes, and cyamdes (180, 27, 214) probably 
depending on the doses employed (178a) Powdered preparations may remam active for 
jears In solution, they show a fair degree of stabdity between pH 4 6 and 9 0, but some 
streptococcus enzymes are unstable (178a) Some discrepancies have appeared concerning 
their destruction m highly acid or alkaline pH ranges (43, 140, 27) The factor in testis is 
inactivated by pepsm and trypsm but not by carboxypolypeptidase (164, 27) It gives the 
color test for proteins, and passes through Berkef eld filters, but not through semipermeable 
membranes which retam proteins, mdicatmg that the factor has a high molecular weight, a 
conclusion not fuUy corroborated by ultracentnfugal studies (140) It is partly precipi- 
tated by many reagents commonly employed for protem removal, but it is not or only 
slightly precipitated by half -saturated ammonium sulphate (142) and by neutral lead ace- 
tate (188) Sodium flavianate, basic lead acetate or saturated ammomum sulphate pre- 
cipitates it almost totally It is not affected by x-rays or ultraviolet light, in anelectno 
field it migrates to the anode, m solutions between pH 6 2 and 6 9 (6) It is strongly ab- 
sorbed by ortho alummum hydroxide C and to a lesser extent by other adsorbents (141, 
161) It does not lower surface tension (164, 142) It is mactivated by blood serum from 
several species (162) 

On the basis of some of the properties above mdicated several methods of purification 
have been devised (188, 82, 43, 161, 142, 141, 147, 38, 214, 27, 182, 144) Some of the prepara- 
tions were still active on rabbit skin when diluted to 1 100 000, correspondmg to the injec- 
tion of 0 00005 mg substance (43) Concentration m alundum thimbles results in prepa- 
rations 0 5 ml of which spreads India mk over an area of 127 cm’, 65 tunes the area 
in the control (43) (See 140, 142, for cnticisms on some of the purification methods ) 

Characiertsttcs of the reaction in vitro and in vivo The degradation of the 
substrate by the enzyme in vitro occurs m at least three phases In the first, 
there is a destruction of clottmg power with acetic acid (162a), m the second, 
there is a drop m viscosity without any free ammo-sugar or reducmg substances 
bemg detected, m the third phase, there is a progressive hberation of the latter 
substances, which reach a maximum m 24r-48 hours At the end pomt, 70% 
of the theoretical reducmg values have been obtamed with some preparations 
(214) Special characteristics of some hyaluromdases have been detailed (107, 
221, 178a), and different ways of sphttmg the carbohydrate linkages have been 
^Sgested (107) Conflictmg results have been recorded (147, 148, 214) on the 

netics of the reaction with varymg amounts of substrate or enzyme, but findmgs 

3 McClean and Hale (163) concemmg a lack of parallelism between variations 
0 concentration and of viscosity of the substrate may provide an explanation 
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for the discrepancies An interesting stoppage of the activity initially present 
in streptococcus enzyme has been reported (178a) The reaction takes place 
from pH 4 to 9, the optimum bemg from 5 to 6 with differences varymg with 
the source of the enzyme (178a), and is profoundly modified by the salt con- 
centration of the system (146, 154, 162a, 163, 214) 

Although the tests ^n mvo may be more sensitive than those in mtro, the many 
variables conditiomng the spreadmg m the rabbit skm preclude canymg out 
quantitative tests parallehng those in vitro The spreadmg is most rapid durmg 
the first hour, and variations m the electrolyte content do not seem to affect 
it (81) Raismg the temperature to 40° results i!n a marked enhancement of the 
spreadmg of testicular extract m gumea pig muscle (81) Generally speakmg 
there is a direct relation between the size of the spreads m the skm and their 
degree of discoloration on the one hand and the amount of S F on the other, but 
this relation is far from bemg strictly quantitative Nevertheless, Madmaveitia 
(140) has found the rate of mcrease of the spread to be proportional to the 
concentration of the factor durmg the first hour, becommg mdependent from it 
after 2 to 3 hours If results from 3 rabbits are averaged it is possible to dis- 
tmguish between the final spreads of tenfold dilutions of the factor (See 72 
for mathematical analysis of the phenomenon) 

Speafiaty The spreadmg factor as an enzyme in vitro is perfectly specific 
Substrates not attacked are polysacchandes from secretions of respuatory and 
digestive tract and from bactena, also heparm, starch, mucoitm, and chondroitm 
sulfunc acid, etc , some of them veiy close chemically to hyaluromc acid (27, 
86, 109, 163, 178a, 182, 214) Only hyaluromc acid or its sulfunc acid ester 
from mesodermal structures is attacked Effects on some of the above sub- 
strates of bactenal preparations nch in hyaluromdase are due to the presence 
of other enzymes Trypsm, taka diastase, lysozyme, emulsm, etc , are devoid 
of any effect on hyaluromc acid On the other hand the C T of aU mammals 
and birds so far studied can be permeated by the factors from testicle as well 
as by those from bactena and animal poisons 

S Fs of group B The groupmg of these factors is justified, at least tem- 
porarily, by the lack of enzymatic activity on hyaluromc acid m preparations 
from tissues other than those of group A, and from certam bactena which show 
a clear spreadmg power The pomt is comphcated by the fact that Cham and 
Duthie (27), who failed to detect enzymatic activity m extracts from 14 different 
tissues (mcludmg spleen and cihary body) also failed to detect m them a spread- 
mg power despite the fact that such power seems undemable However, Hobby, 
et al (109) found that preparations from 5 bactenal strains, pigskm, and also 
hirudin show spreadmg but not enzymatic properties (Rabbit skm, though, 
has been shown to contam hyaluromdase, 178a ) 

Spreadmg power m organ extracts has been descnbed by several authors, and 
it is difficult to explain the failmo of Cham and Duthie to detect it unless they 
used too highly diluted extracts Extracts of 1 or 2 parts of water and 1 part 
of the whole ground bodies of a vanety of insects, moUusca, worms, and of m- 
dividual organs other than testicle from amphibia, reptiles, birds (65, 17, 58), 
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and mammals (42, 44, 17, 229) show a clear although moderate and irregular 
spreadmg power, which m most cases vanishes after dilutmg the extract 5 or 
10 times There is no clear gradation m the activity of these extracts Ex- 
tracts of all tissues from leeches (39) and from the non-poisonous abdommal 
segments of scorpions (241) show a high spreadmg power, W there is the possi- 
bihty that soihng by the active matenals from neighbormg secretmg glands has 
occurred m the process of extraction There is no mcrease of S F after anaphy- 
lactic shock or autolysis of some organs m mtro and tn mvo (65) Extracts 
from castrated animal (42) and from fetal organs do not differ much from those 
of adults (17, 89) Blood serum is meffective 

Kalhkrein A substance present in "Padutin,” a preparation claimed to be 
protem-free, obtamed from human urme shows a very pronounced spreadmg 
power, 0 004 mg of the substance being active (31, 32) Enzymatic effects have 
not been mvestigated, and the substance is only tentatively mcluded m the 
group Kalhkrem, the blood pressure lowermg prmciple abundantly present m 
pancreas, salivary glands and urme, has been shown to be different from the S F 
from testes 

Ascorbic acid In view of the part played by this vitamm m the bmldmg of 
intercellular matenals, the effect of ascorbic acid on tissue permeabihty is es- 
pecially mterestmg The effect of the vitamm on hyaluromc acid was sug- 
gested by the findmg of Robertson, et al (214) that fresh vitreous humor of 
steers reduces the viscosity of synovial flmd The authors suspected ascorbic 
acid (present m high amounts m the vitreous) as the responsible substance, an 
idea apparently confirmed by further work (215, 149, see 178a for cnticisms) 
The vitamm is effective only m the presence of HjOj, and its effect is not limited 
to mesothehal mucins but extends to gastnc and sahvary mucins and to starch, 
pectm, flaxseed mucilage, cartilage, and pneumococcus capsules The degrada- 
tion mvolves a breakdown of the macromolecules without hberation of reducmg 
substances or ammo-sugars Also, the kmetics of the reaction is entirely differ- 
ent from that of hyaluromdase (149, 163) McClean (163) discovered the 
spreadmg power of the vitamm, and reported that several other reducmg sub- 
stances, such as thiolacetic acid, pyrogallol, etc , shared the properties of vitamm 
C both in vitro and in mvo 

J^uizo compounds and azoproieins The spreadmg effect of diazo compounds 
was found by Qaude (37, 38) durmg the course of studies on purification of 
S Fs Source matenals such as sulfanihc acid, sodium mtnte, anilme were de- 
■'f'oid of this effect The spread of diazo compounds e g , p-diazobenzene sulf- 
omc acid, is extremely rapid and the maximum is reached after a few hours 
However, on couphng of diazo compounds with protems such as horse serum, 
egg albumm, atoxic preparations were obtamed whijbh spread more slowly 
than natural S Fs but the effect persisted for several hours, the final areas 
reached bemg often of more than 100 cm® The protem acqmres the spreadmg 
property upon couphng with an aromatic compound through a diazo group, but 
the entenng aromatic radical fails to confer any specific character on the spread- 
rr^S phenomenon, and the type of protem selected for the reaction is immatenal 
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provided it allows the formation of azo combmations Azo-compounds of low 
molecular weight fail to exhibit any spreadmg power Azoproteins are said to 
lower the viscosity of hyaluronic acid (27, 149) specifically (86, see 178a for 
cnticisms), but no hydrolytic effect on the substrate is demonstrable (163), and 
the reaction is httle affected by pH changes (86) Diazo compounds have an 
analogous viscosity-lowermg effect (86, 149), and so has phenylhydrazme (149), 
but other carbonyl reagents are mactive 

Other substances mih spreading properties These are (a) substances derived 
from biological materials, such as some commercial peptones and lecithins (65), 
whose moderate spreadmg properties can probably be ascribed to the factors 
m tissues, and hyaluromc acid itself (109) , (b) simple chentucal compounds such 
as arsemous oxide (109), glycerol, and tnacetm (65), (c) substances such as 
wmtergreen oil which spreads or rather diffuses rapidly through the skm, oil of 
citronella (4) which mduces an inflammatory spreadmg, and ohve oil which 
shows only a forced spreadmg (65) , and, (d) components other than hyalurom- 
dase, present m some bacteria (16, 238) and venoms (141) showmg special char- 
acteristics such as thermoresistance, slowness of action, etc Little is known 
about the mechanisms mvolved m the different cases No effect on hyaluromc 
acid has been reported or seems likely 

On the other hand, many substances have been unsuccessfully tested for 
spreading properties, among them adrenahn, histamine, sapomn, bile salts, 
octyl alcohol, leukotactme, acetylchohne, tyrosme, diox 3 T)henylalanme 

The reactions in vivo and in vitro The mterceUular distnbution of the mate- 
nals injected together with S F as shown histologically, the lack of damage m 
the mjected tissue, and above all the very characteristics of the umque phenome- 
non of spreadmg, all make it obvious that the effects of S Fs are exerted on the 
mterceUular system of connective tissue, just as it is equaUy obvious that the 
effect, on whatever substrate exerted, is a rapid one The nature and manner 
of action of hyaluromdases seem to fulfill these requirements, because these 
enzymes hydrolyze hyaluromc acid present m the ground substance of connec- 
tive tissue, decrease its viscosity, and aUow mjected flmd to travel through the 
tissue Moreover, the speed of the reaction in vitro is comparable to that of the 
spreadmg Nevertheless, the explanation of the entire mechanism of the 
spreadmg on the basis of the enzymatic activity of the factors (27) has met with 
some opposition 

Data in favor are hsted as follows (A) All the S Fa from group A have both spreading 
and enzymatic properties, the latter being stnctly limited to hyaluromc acid, while a 
vanety of other materials lack both properties (B) Azoproteins have spreading proper- 
ties and lower the viscosity of hyaluromc acid (see 178a) (C) Heating of the factors re- 

sults in a parallel suppression of both spreading and enzymatic effects In addition, both 
properties are specifically suppressed in bacterial preparations by antisera (162a, 163), 
and inhibited by iodine (109) (D) Enhancement of both enzymic and spreading activity 

by inclusion of hyaluronic acid in culture medium (161) 

Observations against the identification of S Fs and hyaluromdases are the following 
(A) Lack of quantitative parallehsm between spreading and enzymatic effects m the factors 
of group A (109, 145), combmed with a suggestion (145) that it should be possible to separate 
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the factors responsible for both effects However, the possible effect of different environ- 
mental conditions (pH, salt concentration etc ,) in the skin and the test-tube needs to be 
pointed out (163) (B) Suppression of the enzymatic effect of the factor from pneumo- 

coccus by the specific antiserum without inhibition of the spreading power (109) , although 
the lumtations of the serum may reqmre investigation (163) (C) Complete dissociation of 

Bpreading and enzymatic effect in the factors of group B (109) 

On analysis of the problem, it is clear that although aU the factors endowed 
with an enzymatic effect on hyaluromc acid have a spreadmg effect the reverse 
IS not necessarily true That a simple specific or non-specific reduction of vis- 
cosity of hyaluromc acid without hydrolysis is enough to allow spreadmg may 
be shown m the case of azoproteins, ascorbic acid, and some “depolymenzmg” 
hyaluromdases (178a) That not even a detectable in vitro effect on hyaluromc 
acid is necessary is shown by the preparations studied by Hobby, ei al (109) , 
and probably several other substances have this property These pomts pose 
the question as to whether hyaluromc acid can be affected in vivo by reactivated 
factors which do not show an effect in vitro (see 178a) or whether components 
of the connective tissue other than hyaluromc acid can be affected enzymatically 
or otherwise by these factors The latter supposition, qmte plausible on theoret- 
ical grounds, is made more probable by the existence of enzymes such as that 
described as attackmg chondroitm from cartilage (see 214), that attaching hep- 
ann (see 97), that attackmg collagen (see 141) (However, spreadmg prepara- 
tions from streptococcus mactive on hyaluromc acid also failed to hydrolyne 
chondroitm-sulfunc acid, 173a ) On the other hand, although matenals en- 
dowed with spreading properties seem numerous, it may well turn out on further 
study, that the responsible chermcal radicals are common to many of the ma- 
tenals, and consequently the mechanisms of spreadmg mvolved will be qmte 
restncted The enzymatic specificity of the factors of group A and the specifi- 
city of the diazomum group m confemng spreadmg properties to different pro- 
teins support this idea The possibihty of releasmg hyaluromdase there present 
or some other S Fs from the mjected skm could perhaps account for the spread- 
ing properties of simple chemical substances (109) but direct proofs are lackmg 
^nifllly there still remains to be explamed the spreadmg of mert mixtures m 
physiologically permeable connective tissue Whether depolymerization and 
^^olysis of hyaluromc acid result from the action of one or two enzymes has 
^ discussed by Meyer, et al (178a) All this may serve to emphasize the 
complexity of the phenomenon of spreadmg and to justify the temporary group- 
mg of the S Fs as we have done (See discussion m 86, 163, 109, 27) 

Differences m the rate of spreadmg, fast m the factors of group A, generally 
ow m those of group B and other spreadmg substances, may perhaps be taken 
as a biological basis for differentiatmg the S Fs with a hydrolytic effect on hyal- 
acid (group A) from the others Rapidity of spreadmg may have no 
^ hon to the hmit of activity of the preparation, and it is not possible to dif- 
cc^tiate at the present moment between strength and concentration of the S Fs 
power and serological analysis Because the S Fs have not yet been 
aiaed m a pure state, there is still some doubt as to whether they are or are 
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not antigenic The problem is of interest for the two foUowmg reasons (a) 
if they were highly antigemc, there would be cause to beheve that the therapeu- 
tic effect of sera agamst mvasive bactena and poisons is, m part at least, due to 
its anUspreading properties, and (b) if the S Fs were not species-specific one 
could envisage the possibility of secunng an ardtspreading serum effective against 
mvasive infections and mtoxications It will be seen that if the latter possibil- 
ity IS not entirely supported by facts, it is very probable that direct or mdirect 
neutralization of the S Fs plays a part in the therapeutic effects of some anti- 
sera It IS a recognized fact (see 223) that other enzymes m the crystaUized 
form are antigemc, hence passive protection against them is possible This 
circumstance should be borne m mind while considenng our problems 

We have shown (52) that rabbit antisera against crude or purified rat and bull 
testicular extract can be obtained which precipitate the extracts, suppress their 
spreadmg power and neutrahze then- enhancmg power for vaccmal infection 
McClean (156) obtained analogous antisera for preparations of Clostndtum 
wclchit with and without toxm, and later (163) showed that they suppress the 
hydrolysis of hyaluromc acid by the bactenal enzyme Analogous antisera were 
obtained (61, 241) agamst snake venom, and agamst purified preparations of 
pneumococcus (109) Those obtamed (194) agamst staphylococcus toxm pre- 
sumably had antispreading effects From the foregomg results, the followmg 

conclusions can be drawn 

« 

(A) The antisera give a positive precipitin test, or in its absence a complement fixation 
test, for the immumzmg matenals 

(B) They not only suppress the enhancmg effect of testicular extract on vaccinal in- 
fection, but the lesions mduced by the mixtures of virus, extract and antiserum are actually 
smaller than those induced by the virus alone (62) * 

(C) They suppress the spreading power of preparations from testicle (52), C welchn 
and Closlndium seplicum (166), snake venoms (61, 241) and staphylococcus (194) No 
suppression of the spreading effect of pneumococcus preparations has been obtained (109), 
although the enzymatic reaction was inhibited 

(D) They suppress the hydrolysis of hyaluronic acid by the enzymes present m prepara- 
tions from C welchii, C septtcum (163) and pneumococcus (109) 

(E) Rabbits actively immumzed agamst preparations from C welchxi, whether contain- 
mg toxin or not, are protected agamst spreadmg mduced by these preparations (166) 
The same holds true for rabbits actively (61) and passively (241) immunized agamst snake 
venom, but m the former case the spreadmg which is mostly affected by the unmime state is 
the late spreadmg This is said to be due to another component of the venom (141) On 
the other hand, rabbits immunized agamst testicular extract allow spreadmg and enhance- 
ment of vaccmal infection as well as normal rabbits (62) No anaphylactic reactions have 
been mduced by punfied preparations of testicular extract (166) 

(F) The effect of each antiserum is Imuted to the preparation used for immunization 
This holds true whether the precipitm reaction, the enhancement of the infection, the 
spreading power or the enzymatic effect is taken as an indicator of the antibody effect 


* An analogous effect is obtained if vaccine virus is injected together with testicular 
extract heated at temperatures rangmg from 60® to 80® (66) Partial but pronounced inac- 
tivation of the virus by reaction (adsorption?) with particles of the mixture or release of 
some inhibiting substance are possibilities to be considered Heated extracts from other 
organs were practically inactive 
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However, sera against streptococcal enzymes are group-specific (162a) One may add that 
the strength of the antisera is very moderate, the effect bemg qmckly lost after dilution 

Summanzmg, there is a suppression by antisera of all the manifestations of 
the S Fs , but this effect is strictly specific The stnct enzymatic specificity of 
hyaluromdases no doubt mdicates a cheimcal identity of the substrates and 
may, at first thought, suggest the same for the factors themselves But m view 
of the results of serological tests one is forced to amve at two alternative conclu- 
sions (a) The S Fs are antigemc but are radically different, m tissues or bac- 
teria, even m closely related species This would mdicate the presence m them 
of a common non-antigemc group which would determme the enzymatic specifi- 
city (b) The S Fs are not antigemc, and the suppression of their effects by 
antisera would be due to the mcidental reaction with closely link ed proteins 
which would mactivate the factors ^ In either alternative there would seem to 
be quantitative differences m the power to ehcit antibody formation by the 
different spreadmg preparations as well as m the abihty of the antibodies to 
prevent spreadmg m the immune ammal 

The relationship between the S Fs and other components of the cell Exceptmg 
in testicle, the S Fs from group A are constantly associated with toxic products 
Another possible exception is the enzyme from a soil bactenum isolated by Hirst 
(106) which mduces rapid decapsulation of Group A streptococci In non-poi- 
sonous snakes (58), the spreadmg power of extracts from them supralabial glands 
IS the same or only shghtly above that of other tissues and has no toxic power 
On the other hand, m poisonous snakes, extracts from the washed gland tissue 
are almost free of both toxic and spreadmg power, but both factors appear to- 
gether m the gland secretion This suggests the presence m the cell of an mac- 
tive precursor of the S F Smular cases of coexistence, m bacteria, of spreadmg 
and toxic effects will be descnbed later The problem then arises as to whether 
the molecules of the toxic materials have spreadmg properties or whether S F 
and toxm are chermcally mdependent but actmg together as a unit While the 
situation may not be the same m the different S Fs some of the foUowmg obser- 
vations decidedly favor the second alternative 

McClean (156) obtamed convmcmg evidence, m C welchii preparations, that 
the S F is distmct from any specific toxm He secured antibodies neutrahzmg 
the spreadmg but not the toxic effect of the matenals Moreover, the transfor- 
mation from toxm to toxoid by the action of formaldehyde leaves the S F m- 
tact Madmaveitia (143) showed m the same preparations, the mdependence 
of S F and proteoljdic enzymes Claude (39) was undecided as to whether two 
distmct factors were responsible for the spreadmg and anticoagulatmg effects 

’ In Bome expenments (62), rabbits were immunized against testicular extract from the 
same species No flocculation could be obtained tn vitro between their sera and the extract, 
Out considerable suppression of the infection occurred when sera and virus were injected 
after incubation at 37° for 2 hours The strain of virus employed, Levaditi’s neuro-virus, 
Was maintained through testicular passages It may be that we were dealing mth a neu- 
trahzation of the S F still present in the diluted pulps contaimng the virus or with an effect 
analogous to the suppression of the Rous virus by sera against normal chicken tumors such 
aa shown bj Gye The problem calls for further work 
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of leech extracts, but Hirst (106) succeeded m separating hirudin from S F In 
Russell’s viper venom the S F is independent from crotoxm, the neurotoxic 
constituent, and from the blood-clottmg component (141, 163) However, 
Favdh (84) havmg treated Lachesis and Vzpera venom with different agents m- 
cluding formaldehyde, and found that the destruction of the toxm was accom- 
panied by a parallel destruction of the S F , concluded with the suggestion that 
“both activities were inseparably linked to the same substance,” while m our 
experiments (61) we concluded that “the relationship between S F and toxms 
of the snake venom is not yet understood 

The S F m testes or sperm is not associated with any obviously toxic matenal, 
and it has been dissociated by chemical fractionation or other tests from en- 
zjrmes active on jS-glucosamme (70) and human cervical mucus (124), from Kalh- 
krem (32), and from matenals active on cancer cells, red cells, and ova of some 
species Data on the effect of testicular extract on these cells follow 

We reported (61) that the injection of crude or partly purified preparations of TJE , 
from different species, mixed with cells of the Brown-Pierce tumor resulted m a pronounced 
suppression of the growth while serum was devoid of such effect These results were duph- 
cated by Tanzer (240) on some mouse tumors, but he found that TJE , highly purified was 
inactive whereas extracts heated at fiO^-lOO®, still showed inhibitmg fiower It was, there- 
fore, clear that contrary to what was first suspected (118) the S F was not the cause of the 
inhibition Also, treatment with TJl of mice beanng spontaneous or transplanted tumors 
resulted in failure (240, 65, 205) An analogous situation arose from the study of the effects 
of T E on red cells and ova of some lower ammals Favilh showed that treatment of these 
cells with T E greatly increased their fragility or permeability to water (76, 76, 46) and 
McClean had the same results (164, 165) , but these effects were found lackmg on repetition 
of the experiments (87) with highly purified extracts Whether it is one or several sub- 
stances that are responsible for the effects on each of the cells is not known 

Although no direct studies have been earned out on this pomt, it would seem 
logical to locate the S F of animal poisons m the protoplasm, and smee the S F 
m testes is also present m sperm (112) this may suggest a nuclear ongm It 
IS not known whether the S Fs from testes and other tissues can be released by 
mechanisms not impairing the cell or whether cellular dismtegration is mdispens- 
able for this to take place ® It must be recalled m this connection that m at 

* After tests on the effect of heat plus some other experiments to be taken up later, we con- 
cluded that “the two factors can be dissociated,” the word “factor” being obviously used 
as synonsrmous with “effect ” The primary object of the experiments was to bnng proofs 
showing that the spreading was due to a “selective permeation of tissues by a specific fac- 
tor,” and not “to a sort of passive flooding of a highly damaged tissue by the venom com- 
ponents” (66) a point which although it might seem obvious had to be proved ex- 
penmentaUy Cases hke that of Closindtum histolyticwn inducmg large destructive lesions 
and yet devoid of S F (166) had to be kept in mind Heated venom induced lesions as 
negbgible as those induced by other matenals whose effects are imdoubtedly due to the 
S F , yet the heated venom retained a spreading effect That the latter effect was also im- 
paired by the treatment was obvious from our data These considerations answer some 
cnticisms by Favilh (84) 

‘ The culture of organa in the Lindbergh pump seem to provide a good opportumty to 
approach this interestmg point In the laboratory of Dr A Carrel we have repeatedly 
tested the spreading power of the nutnent solution before and after perfusing rabbit testicle 
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least some ammals there is normally a disintegration of spermatozoa m the epi- 
didymis with subsequent reabsorption That the factor from testes is Iinhed 
with spermatogenesis is shown by the spreadmg activity of the sperm (112, 154) 
and mactivity of several endocrme preparations tested Moreover, eviracts 
from natural or experimentally mduced cryptorchid testes from rabbits and rats 
spread much less than extracts from mature testes (112, 233, 65) Immature 
testes show httle or no activity, the maximum content of S F m rat testes is 
found when these animals weigh about 90 gm, when testicular growth has reached 
its maximum, and to decrease later (187) 

The possibihty that the S F from testes and sperm plays a part m sexual 
phenomena suggests itself It has been observed (124, 126) that human semen 
contains an enzyme capable of dissolvmg the cervical plug mucm, thus enablmg 
the spermatozoa to penetrate mto the uterus However, this enzyme has been 
found to be different from hyaluromdase (27) On the other hand, there is a 
mucm-hke substance (190) which accumulates m the sexual organs of female 
monkeys dunng the estrus phase, and this mucm, resembhng that of synovial 
fluid, has been found to be hyaluromc acid (27) Prehmmary studies (88a) have 
shown that the addition of mouse or rat testicular extract to mouse ova still 
surrounded by folhcular cells results m the prompt disaggregation of the latter 
cells, presumably through an effect on the viscid cement present between them 
The importance of this phenomenon m fertilization suggests itself Extracts 
from several other organs were mactive The possible role of hyaluromdase m 
ocular physiology has been pomted out (177) 

The S Fs obtained either as a secretion or extracted by crushmg the cells from 
group A, and probably some from group B appear to be present m the cells m 
very high amounts Fresh snake venoms and testicular extract are usually ac- 
tive at dilutions higher than 1 1,000,000 and 1 100,000 respectively, 0 000015 
ml of filtrate at C welchtt cultures is active (156) and extracts from leeches 
(39) are probably still more active 

The spreading tn the shin The phenomenon of spreadmg is umque Immedi- 
ately foUowmg the mtradermal injection mto rabbits, the choice experimental 
unimal, of a material nch m S F plus India mk, the bleb flattens immediately 
and the inoculum spreads through the skm as flmd dropped on a blotter The 
spreadmg persists, although at a diminished rate, dunng several hours If 
forced spreadmg is tned it is amazmg to watch how rapidly^' the moculum can 
be dispersed m a few seconds over a large skm surface under small pressure, 
while a much stronger pressure fails to dislodge the bleb formed by'’ the control 
^’^ure If the rabbit is killed 24 hours after the mjection one sees the ink has 
penetrated m the fascia and even mto the muscle underlying the injected site, 

for several hours In every case there was a release of S F into the solution, sometimes 
^remely pronounced Nevertheless, final conclusions are prevented by the fact that his- 
0 ogical examination of the testicle at the end of each experiment showed alwaj s a certain 
OQiount of damage in the seminiferous tubules Whether this represents a normal phenom- 
enon considerably exaggerated or is equivalent to an extraction of the factor by mechanical 
®caas cannot be decided 
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and the regional lymph nodes appear blackened However, unless exceedingly 
powerful preparations are injected a great deal of the ink is left around the point 
where the skin was pierced ® 

Histological studies supply little information After injection of T E , there is some 
derangement in the dermal collagenous bundles (153), an effect which can be ascnbed per- 
haps to the action of the factor on the interfibnllar matrix, probably identical to the ground 
substance (11) If India ink is used as indicator one sees the scattered granules thinning 
out from the injected site and reaching far from it Fibroblasts are sharply outlined by the 
ink particles, and if Prussian blue is used as indicator, one can detect mtraprotoplasmatic 
granules (111) In the control injections practically aU the ink is left in a small area around 
the pomt where the skin was pierced Despite its mterest, studies on changes m the meta- 
chromatic stauung of the ground substance after mjections of S J’s are lacking 

The spreading in other tissues Favilh (81) injected mixtures of India ink and 
T E mto different tissues and found that spreadmg took place m stnated muscle, 
fasciae, tendons, and gastnc subserosal and subcutaneous C T as well as if not 
better than m skm No spreadmg was observed m gastnc smooth muscle (cat- 
tle) and m lung and spleen, a fact attnbuted to the characteristic of the reticular 
stroma m these organs No conclusions were reached concemmg spreadmg m 
hepatic, renal, and nervous tissue because the mjected matenal was absorbed 
too qmckly and no blebs were mduced In our experiments on the subject 
(65), we found that spreadmg occurred m stnated muscle, and m about 25 differ- 
ent tests on rabbits we found that spreadmg took place m the stomach, mtestme, 
and uterus Whether spreadmg m muscle takes place along the C T there 
present or through the mdifferent substance between fibrils cannot be decided 
Spreadmg occurred m the mammary gland, pancreas, mesentery, ovary, and 
testicle itself while other organs could not be properly studied by the crude 
procedures employed 

The case of the cornea is mterestmg for it contains a sulfunc acid ester of 
hyaluromc acid (177) which gives a beautiful metachromatic stam (117), it also 
contains a hyaluromdase (177) Although some have failed to observe it (144, 
209), spreadmg takes place m corneal tissue as shown by Braley and Meyer 
(17a) who mjected the organ with the dye T 1824 mixed with hyaluromdase 
The phenomenon is very slow Moreover, the metachromatic reaction with 
tolmdme blue disappears after treatment of the tissue by the en 2 yme 

There is no mdication that the S Fs permeate epitheha T E does not pro- 

' Another means of studying the influence of the S F from testes on tissue penneabihty 
consisted of measuring the speed of filtration of T E through tissue pulps as compared with 
sabne, serum or other matenals (65) In several tests with pancreas, subcutaneous con- 
nective tissue, and muscle, it was observed that T E always filtered through the pulp at a 
much faster rate than the control solutions Discordant results were obtamed only with 
rat muscle, while soft tissues such as spleen and liver from rats or rabbits did not lend them- 
selves for these tests No final conclusions are drawn 

StiU another means of studjung the efi'ect of T E on C T consisted of “injections” of 
fibroblast colomes from tissue cultures with mixtures of T E and India ink with a fine 
capillary pipette The impression was clearly gained that mixtures with T E spread 
through the tissue much faster than the control mixtures 


SPKEADING FACTORS IN INFECTION 


217 


mote the intestmal absorption of foreign proteins (111), or of strych n i n e (91), 
or the cutaneous absorption of msuhn. (6), it does not enhance infections by 
certain neurotropic viruses following instillation in the nasal ca^ut}’', nor does it 
enhance the infection by the virus of rabbit papdloma which exclusively attacks 
epithehal cells (65) It does not promote the penetration of drugs instilled m 
the eye (217) Injected mto the jomt cavity, it markedly reduces the viscosity 
of the synovial fluid (207a) 

The effect of preparations containing S Fs on capillary permeability The 
mtunacy of the connections between C T and blood and Isonph vessels has al- 
ready been pomted out What wfll later be said concemmg the common effects 
of certam hormones on the permeabihty of aU these structures further empha- 
sizes the analogies between them Several mdixect observations have shown 
that the permeabihty of the vascular 63^5tem can be locally or generally mcreased 
by preparations nch m S Fs 

These observations can be grouped as follows (A) Local increase of the capillary per- 
meabibty from without Viruses (60) and dyes (112, 61, 6, 202) injected intravenously are 
promptly locahted m the areas of skm injected with extracts of testicle, snake venom and 
invasive bactena Recent mjury such as induced by shaving favors this localization (202) , 
and m dogs, the localirmg effect is more marked in very young animals (6) The edematous 
changes in the late phases of the spreading mduced by powerful preparations of T E also 
suggest an effect on the permeability of blood vessels 

(B) Local increase of the permeability of blood vessels from within A practically im- 
mediate preparation of the tissue for the occurrence of the Shwartzman phenomenon is 
obtained when the active bacterial filtrate mixed with T E is injected into the vascular 
system of the rabbit ear in which circulation has been temporanly stopped Filtrate 
alone or mixed with a variety of other substances known to be active on blood vessels has 
no such effect, but local thermal hyperemia had the same effect as TJE (225) 

(C) General mcrease of capillary permeability from within Preparation of the kidney 
for the Shwartzman phenomenon is obtamed when the active bactenal filtrate mixed with 
T E 18 mjected intravenously (226), and enhanced local spreadmg of India ink or of vac- 
cimal mfection (153, 61, 156) results when materials nch in S F are mjected intravenouslj 
The state of mcreased tissue permeability can persist as long as 3 weeks provided large 
amounts of T E have been mjected (108) 

Claude (39) speculated on the possibihty that at least a part of the spreadmg is mduced 
by a permeative effect of the S F on blood capillanes, and Rigdon (210) by macerating nor- 
mal tissue m salme solution extracted (from skm, muscle, and testicle of normal rabbits) 
factors which mjected mtradermally localized trypan blue mjected intravenously These 
factors though were thermostable 

We have approached the problem directly (60) by studying m mice and guinea pigs the 
speed of passage of dyes from the blood mto the tissues when the dyes were mjected mtra- 
\ enously with or without T E It was found that m the former case, the speed was veiy 
much mcreased as judged bj the discoloration of the tissues Only extracts of testicle v ere 
found active while fresh extracts from muscle, brain, and spleen, having little spreading 
pon cr, were inactive Purified preparations from testes with a great spreading pon er were 
spcciallj effective These experiments have been repeated on rabbits (6) with the same 
results The factor from testes which increases capiUarj permeabilitj does not alter the 
selcctmtj in the localization of djes in tissues Acid djes, like Congo red or T 1824 
which under normal conditions do not localize in the central nervous sjstcm, keep this 
propcrtj when injected together with TLl On the contrarv , the normal staimng capaciti 
of Bismark brown, a basic dj e, for the central nervous sj stem (92) was much enhanced b\ a 
simultaneous injection of T E 
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The effect of purified preparations of T E on the permeabihty of blood capillanes has 
been confirmed on rabbits in the ears of which a moat chamber permitted microscopic 
observations of the effect on the capillaries of eictracts placed in the moat (16) When 
TJE was placed in the moat, a stoking increase of permeability took place to the eirtent 
that fluid passed through vessel walls, leaving the corpuscles and part of the plasma con- 
centrated within the capdlanes When T 1824 was injected intravenously and T E was 
placed in the moat chamber the permeating effect on blood vessels was readily seen and 
withm 13 minutes sufBcient of the dye had passed out of the vessels to be readily visible m 
the tissues 

In view of all these facts, it would indeed be tmptmg to conclude that spread- 
ing in the skin and increase of capdlary permeabihty are results of the same 
enzyme However, recently H 3 Tnan and Chambers (29a) usmg a techmc 
employmg changes m the rate of edema formation could detect no appreciable 
effect of highly purified preparations of hyaluromdase, prepared by K Meyer, 
on capdlary permeabdity More work is required to ascertam whether the 
dissociation m the powers to mcrease tissue and capdlary permeabdity ap- 
phes to all the S Fs and whether some of them may have both powers At 
any rate it would seem that the enz 3 Tne active on capdlary permeabdity offers 
many functional analogies with hyaluromdases and is often if not constantly 
associated with them Its physiological mterest is obvious Recent studies on 
capdlary permeabdity (260, 30) emphasize the important role of the mtercellular 
cement rather than the endothehal cell itself “To the cell physiologist the 
extraordmary wide latitude of the permeabdity of the blood capdlanes tends to 
preclude the possibihty that this property is pnmardy that of hvmg cells com- 
posmg the membrane Many substances to which hvmg cells are impermeable 
readdy pass through the capillary wall” (Zweifach, 260) 

It 13 mterestmg to contrast the effect of T E on capdlary permeabdity, first 
with its atoxicity when mjected m large amounts mto the blood stream of am- 
mals, and second with its meffectiveness m producmg any changes m blood pres- 
sure (32, 6) One may well add here that T E has no effect on the isolated 
gumea pig uterus and rabbit mtestme (6) 

It seems that the above said about blood capdlanes apphes also to lymphatic 
capdlanes (167-169) That lymphatics are permeated by spreadmg materials 
mjected mtradermaUy is obvious, and the degree of discoloration of the regional 
lymph nodes by the mdicator employed mdicates the degree of permeation 

Th,e effect of the S Fs upon the rate of absorption of different substances Mc- 
Clean, et al (164, 165) have shown that the addition of T E to diphthena anti- 
to\m administered subcutaneously doubled its concentration m the blood in 
2 and 5 hours after its mjection, but no effect was detected when mixtures were 
mjected mtramuscularly or when TE was mjected intravenously The re- 
tarded absorption of antitoxm mixed with urethane (33) is presumably due to 
an inflammatory condition mducmg opposite effects than those of the S F 
The addition of T E to large amounts of sahne mjected subcutaneously, such 
as used clmically for clyses, results m a much accelerated absorption (219) The 
anesthetic effects of novocaine (65, 44) are also enhanced by T E Permeation 
of endothehal tissue by T E is suggested by the presence m them of cements 
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analogous to that present m blood capiUanes (260, 30), and bj' the increased 
absorption of some drugs mjected mto the peritoneum together with T E (218) 
All these results suggest possible practical apphcations of the S F , which have 
been discussed by Sanella (219) 

Factors condthomng the spreading in C T It would seem that the spreadmg 
IS a phenomenon m which vasomotor or other nervous reactions play no part 
This IS suggested by the fact, first shown by McClean (154), that spreadmg also 
takes place, although to a lesser extent, m the dead animal and m isolated tissues 
48 hours after excision (39, 61, 65, 81) No edema is found m these cases, which 
confirms the idea that m the hvmg animal a permeatmg effect on blood capdlanes 
takes place which may contnbute to the final phase of the spreadmg However, 
devitalization of the skm such as mduced by drying the tissue with orgamc 
solvents or a vacuum (154) to parchment-hke dryness upsets the normal mechan- 
isms regulatmg permeabdity 

Three groups of factors concerned with (a) local mjury and repair, (b) meta- 
bohc disturbances, and (c) hormonal effects, have a decided mhibitmg action on 
the effect of the S Fs 

(a) The effects of acute inflammation will be fully developed in a later section Spread- 
ing by hyaluronidases (65) and that brought about by oil of citronella (4) is poor or ml in 
areas recently injured or previously injected with India ink The degree of limitation 
increases with the tune after the ink injection which results in the production and increase 
of scar tissue (4) The same is true for T E (44) and pneumococcus autolysate (95) in 
granulation tissue, but some penetration of T E and cocame mixtures has been reported 
in cicatricial tissue of the eyehd (209) Goodner (96) has observed that spreading of pneu- 
mococcus autolysate is stopped by the "immunological barrier’’ created by mfiltratmg the 
skin with specific antiserum 

(b) Ligature of the ureters in rabbits results in a pronounced diminution of the spread 
of T E injected m the skin 40 hours after the operation (189), an effect tentatively attnb- 
uted to the new physicochemical conditions of the C T ns a result of the accumulation of 
catabobtes with subsequent hydrophiha of the tissue (83) That advanced tissue hydremia 
opposes spreading by T E was shown by the tests of Volterra and De Giub (254) on patients 
with edema from circulatory stasis or from kidney conditions, and by our experiments (65) 
m which mixtures of T E and India ink ivere mjected intradermally mto edematous ex- 
tremities (of guinea pigs and rabbits) 24 hours after they had been ligated proximallj The 
resultant spreads were alwaj's one-hnlf or even smaller than those m the opposite healthy 
member 

(c) The vnso-constnctive hormone of the postenor lobe of the hypophysis (vasopressme) 
mjected either locally together with T E or snake venom, but also mtrai’enously, con- 
siderably inhibits the spreadmg (83), an effect shared to a certain e'ltent bj adrenalin, 
vhile other substances having a dilating effect on vessels are inactive Again, the inhi- 
bition of the spreadmg has been explained on the ground of the tissue hj drophiha created 
bj the hormones, an explanation supported bj'- two facts first, that a certain time has to 
elapse after injection before the inhibition is manifest, and second, that inhibition bj vaso- 
pressme does not occur m the excised skin of the rabbit where circulating fluid cannot be 
called in the interstitial sj stem Parathyroid hormone and extracts of the antenor pitu- 
itarj have been shown (256) to suppress to a marked degree the permeation of the skm bj 
T E The experiments of Menkin (172) hax e shown that adrenal cortex extracts and 
desoxj corticosterone totallj suppress the effect of TJS and leukotoxm on blood capillancs 
The effect of the hormone on the spreadmg effect of T^ , although it can be presumed, was 
not studied 
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In the above recorded results adequate teats have shown that hormones and metabohtes 
do not inactivate S Fs but mate the tissue more resistant to penetration by them 

THE SPREAHINQ FACTOE6 IN INFECTION 

General Constderations No matter how important a part the S Fs may play 
m physiological phenomena it is through their effects on infection that they were 
discovered and it is m the field of pathology that then effects are best known 
On reviewmg these effects we shall try to explam them on the basis of the physio- 
logical and physico-chemical properties of the factors Under experimental 
conditions, bactena and viruses mjected along with a S F are distnbuted through 
the C T probably more uniformly than India ink particles (65) All infectious 
agents which are pathogemc for or propagated through the C T , if mjected m 
adequate amounts, have enhanced local, primary effects m tissues permeated 
by the S F from any source The S F may be mjected either along with the 
agents of infection or through other routes 

Thus, enhancement of the local dermal infection has been demonstrated (a) With 
about 60 different bacterial species or types by the S Fs from testicle (69, 201, 108, 65), 
staphylococcus, streptococcus (54, 18), pneumococcus (96), snake venom (61) and azopro- 
teins (38), as tested on the skm of rabbits, gumea pigs, rats and mice The group moludes 
bactena of such vaned pathogemcity, as the types of tubercle bacilli (256, 242) and chromo- 
genic saprophytes (201), and with such diverse aflmity for the skm m natural infections as 
staphylococcus and members of the typhoid-dysentenc group 

(b) In mfeotions of the monkey's eye by a vanety of bactena associated m eicpenmental 
infection with Bacter%um granulosts (192) , infection of the guinea pig skm by Trxchophyton 
cerebnforme (74), and infection of rats with acid-fast bacilh isolated from patients with 
leprosy (131) T E was employed m all these oases 

(c) With 12 species or strains of filtrable virus by B Fs from testicle (50, 55, 160, 169, 161), 
snake venom (61), staphylococcus (64), and by azoprotems (38, 40) tested on the skm of 
rabbits and gumea pigs The group mcludes the viruses vaoomia (60, 160, 66, 93) herpes, 
vesicular stomatitis (110), rabbit fibroma (65), rabbit myxoma (213), Rous sarcoma (113, 
66) and virus III (65) 

(d) In infections of the central nervous system by the viruses of vaccmia, Boma disease 
(110) and herpes (102) mjected mtracerebrally along with T E It is probable that the 
same holds true for the viruses of pohomyehtis (244), equme encephalomyehtis (114) and 
chono-menmgitis (102) The mvolvement of the menmges m these infections provides a 
good basis for explammg the enhancing effects 

Enhancement m aU these cases was observed when the infectious agent, mixed 
with the preparation containmg S F , was mjected mto normal animals Revival 
of qmescent lesions followed the local apphcation of S F from bactenophage 
lysates (18) and nasal secretions (103), but not from T E (219) 

In the followmg cases enhancement of the infection of susceptible animals by S Fs was 
not observed (A) Infections of the central nervous system by fixed rabies virus m gumea 
pigs (20), and equme encephalomyehtis (114) m gumea pigs and rabbits when T E was 
mjected subcutaneously or mtrapentoneally together with the virus, infection of rats and 
guinea pigs by the sub-maxillary gland virus mjected mtracerebrally together with T E 
(126), infection of the rabbit skm by the Shope papilloma virus (65) moculated by scanfica- 
tion The very special cell afBnities, and mode of transmission of these viruses may ex- 
plain the failures Moreover, in the case of the first two viruses only clinical morbidity or 
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lethality were taken ae indices of successfulness of the infections, so that differences in the 
involvement of the tissue could well have been missed 

(B) In mfection of gumea pig pads and of rabbit skin by certain strams of herpes and 
vesicular stomatitis viruses (207, 228), the reasons for this failure bemg obscure It may 
be useful to mention that we, too, (52) had difBculty at first in showing enhancement of the 
Noguchi testicular stram of vaccinia by T E , but later (55) such enhancement was easily 
proved 

The nature of the enhancing effect Provided the amount of infectious agent 
mjected is large enough, the S Fs act on mfection as a magnifymg device and not 
as promoters of new conditions No matter how pronounced is the enhancement 
of the mfection the differences between the lesions mduced by the infectious 
agents mjected together with S Fs and those mduced by the agents alone are 
always of a quantitative order In the few cases when an opposite impression 
might be gamed by the apparent lack of lesions m the area mjected with the 
agent alone, it can be assumed that the enhancement brought about by the S F 
IS an mdicator that mfection, although extremely radd, also took place m the 
control area 

Thus, vesicular stomatitis virus mjected m the shaved abdominal skm of guinea pigs, 
a relatively refractory tissue, together with T E induced an extensive vesicular derma- 
titis, rich m exudate Other areas of the skm of 5 of the same animals mjected with virus 
alone showed no reaction, but 23 showed a pm-head size nodule Experiments on rabbits 
gave similar results A "weak” stram of herpes virus mjected into rabbits together with 
T mduced severe lesions, often of 20 cm diameter The virus alone mduced no obvious 
lesions m some cases, but m most rabbits it mduced small mild lesions (110) Injection of 
bactena of low pathogenicity plus T E into the skin of mice resulted m rather extensive 
lesions The same bacterial species alone failed to produce lesions in some animals, but 
m others mduced mild lesions (200, 65) 

On the other hand, the addition of S F to the moculum has never succeeded 
m overcommg the natural resistance of animals to mfection, or m altenng the 
tissue affimty shown bj^ nruses 

Thus, the mjection of certam strams of pobomyehtis virus by several routes mto rabbits 
(244) and rats (102) along with TJE , as well as avian tubercle bacilli to dogs (23), have not 
resulted m mfection No localization other than m the salivary glands was obtamed when 
the virus of Kuttner and Cole was moculated subcutaneously together with T^ (125) 
However, accordmg to Cerruti (25) the resistance of the dog to Bacillus anlhracts mfection 
can be overcome by T E , the effect was shared to a certam extent by powdered charcoal 
besides extracts of other organs, so that compbcatmg factors were present 

Generabzation of the mfection with death of the animal occurs frequently followmg 
enhancement of local lesions by the S JF Thus, 25 per cent and 99 per cent of the rabbits 
infected with vaccmia and “weak” herpes virus respectively died of generalized infec- 
tion (50) Simdarlj , a high proportion of mice mjected with a variety of bactena (201) 
died hlortalitj m the control animals was ml or very low Undoubtedlj , the great 
increase of the infectious agent m the primary lesion is largely responsible for the gen- 
eralization, but permeation of the lymph and blood vessels by T^ probably plays a part 
m those cases where the process is \ ery rapid and the primary lesion not very large (69, 200) 

The effect of organ extracts on infection An analogous enhancmg effect for 
infections by viruses (50, 65, 1) and bactena (200, 65) is also shown by extracts 
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of some organs other than testicle, when mjected together with the infectious 
organism m the skm 

In thi8 respect one can classify the organs in 3 groups (a) those which enhance infection, 
as kidney, liver, lung, placenta, and testicle, (b) those which do not modify infection, 
muscle, adrenal, brain, bone marrow, and (c) those that inhibit it such as spleen, but ir- 
regularity in these effects has been noticed While the enhancing effects of organ extracts 
depend largely on their content in S F the inhibiting effect for some infectious agents shown 
by spleen extracts (60, 200) depends not on a decreasmg of tissue permeability, but on some 
other factor, because these extracts are often endowed with spreading power Also, ex- 
tracts of melanotic tumors (68) strongly inhibit vaccmial infection and yet give large areas 
of spreading m the rabbit skin Extracts of other transplantable mouse sarcomas and 
carcmomas of the mouse strongly suppress vaccimal and herpetic infections (249), and these 
tumors have been shown (17) to have large amounts of S T The presence in these extracts 
of neutrabring substances for the mfectious agents suggests itself There is a complete 
suppression of the vaccimal infection by the antibodies present in T E from immune rab- 
bits (50), these extracts being nevertheless endowed with a strong spreadmg power (65) 
Yet, that extracts of organs modify infection through additional effects besides changes m 
tissue permeabihty is indicated by those cases in which the amount of S F present in the 
organ seems insufiBcient to explam the magmtude of the effect obtamed, e g , the enhance- 
ment of cholera mfection in gumea pigs by a vanety of tissue extracts (see 69) , anthrax m- 
fection of dogs and thyroid extract (26) The work of Felton (90) on vanations of virulence 
of pneumococci by transfers through media containing tissue extracts is important, lung 
media caused an mcrease m virulence while the opposite effect was obtained with spleen 
media (See (161) for comparable experiments) 

The examples given emphasize the complexity of factors extractable from 
tissues which mtervene m mfection and mask or distort the effects of the S F 
However, m testicular infections the amount of factor present m the glands is so 
great that it overshadows, m many cases, any other conditiomng factor Sev- 
eral examples could be quoted, but the vaccmial mfection of rabbits (237) is 
undoubtedly the best When the cntena, (a) mcidence of histo-pathological 
lesions, (b) virus content and (c) enhancmg power of extracts for vaccimal 
mfection on other rabbits, were followed to judge the degree of mfection, it was 
found that of all organs studied testis alone yielded a high percentage of specific 
lesions, gave a high percentage of takes on sub-moculation, and had a marked 
enhancmg action Moreover, mtratesticular mjection is the choice method of 
detectmg the presence of small amounts of virus m infected tissues (Ohtawara, 
see 237, 1), and the same result is achieved by mjectmg extracts of these tissues 
together with T E (1) Moreover, mtratesticular mjections result m a more 
widespread generalization of the mfection than mjections through any other 
route 

THE BACTERIAL SPREADING FACTORS IN INFECTION 

If the part played by the tissue S Fs m mfection has many obscure pomts, 
this IS not the case with the bactenal S Fs The mjection of cultures of bactena 
secretmg S F is attended by exactly the same phenomena as occur when the 
factor, from any source, is added to any mfectious agent Remembermg the 
architecture of the connective tissue and the effects of hyaluromdases upon it, 
one feels that, at least the earhest phases of these experimental infections are 
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largely understood, and the same can be said for the fulminant conditions fol- 
lowing some sorts of bactenal moculation m man On appraismg the relative 
parts played by the S F and by other bactenal weapons m the mvasion of 
tissues one has to bear m mind that the effects of the lattei are directed agamst 
barriers (leucoc 3 d;osis, formation of fibrm clot, etc ) which the mvader itself 
has called forth, whereas the former acts on a preevistmg physiological barrier 
This places the S F as probably the first weapon used by the bactenum agamst 
the organism 

Staphylococcal and streptococcal tnfechons Possibly m no other case are the 
effects of the S F so well shown as m staphylococcus mfection Here the factor 
has been shown m all cases to have a strong effect on hyaluromc acid, and as 
best observed m rabbits, the size of the lesion following mtradermal mjection of 
cultures of the organism is largely if not entirely determmed by the amount of 
the factor present m the moculum Introduction of this moculum mduces 
immediate spreadmg detectable by a blanchmg reaction ^ As shown by us (54), 
m rabbits mjected mtradermally on one side with a given amount of culture, 
and on the other side with a bactena-free extract of the same culture to which 
India ink has been added, the size of the lesions aftei 24 hours closely compare 
with the size of the ink spreads Staphylococcus stiams can be grouped (54) 
accordmg to the quality and size of the lesions mduced when mjected mtra- 
dennaUy mto rabbits, that is by the amount of S F they secrete 

The part played by the S F m streptococcal mfections is more complex 
For one thmg, S F (hyaluromdase) is present m some strams of streptococcus 
whereas its substrate (hyaluronic acid) is present m others m the capsule, thus 
duphcatmg in the infectious agent the same state of affairs as that present m 
different tissues of the host The enz 3 une is unstable and rather erratic m its 
action (178a) Moreover, some strains have a S F which apparently is not 
hyaluromdase It remams to be determmed whether this substance is hyal- 
uronic acid itself (109) Stdl other strams of some groups have capsules not 
composed of hyaluromc acid 

A definite although widely different spreadmg power was found by us (54) 
m bactenal extracts or broth cultures of 13 of 14 strams of streptococcus In 
general, there was a fair agreement, although not so close as m staphylococcal 
infection, between the areas of the dermal lesions m rabbits and the areas of 
spreadmg of India ink mjected together with bactenal extract In other words, 
the degree of mvasiveness was largely determmed by the amount of S F Good 
coiTespondence was found with two strains from erysipelas, an infection so 
highly suggestmg the effect of the S F , and the same was foimd by McGean 
(163) m another 4 strams from the same disease It is also known that other 
erysipelas strams induce laige spreadmg lesions (212) However, lesions mduced 
bv some bovme strams were much laiger than the qireads mduced by their 
filtrates, and the speed of spread was low as compared to that of the erysipelas 

’ The flattening of the wheal after intradermal injection of pathogenic staphjlococcus 
cultures, and the appearance of a blanching zone, 1 or 2 hours later, spreading bej'ond the 
original wheal was already noticed in 1924 by J Parker (54) 
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stiams (G5) The impoitancc of the S Fs m staphylococcal and streptococcal 
infections is furthei emphasized by the enhancement of homologous and heterolo- 
gous infections by extracts from mvasive strams, whereas extracts from non- 
mvasive strams are entirely devoid of such effects 

Streptococcal hyalurontdase and capsule formation In 1937, Kendall, et al 
(121) isolated hyaluronic acid from the capsules of Group A mucoid, hemolytic, 
streptococci, and this ■\\as later confirmed (107) Seastone (221) isolated the 
same compound from the capsules of Group C streptococci, and related the size 
and persistence of capsules m 3mung cultures to this polysacchande As Kendall 
and coworkers pomted out, this is the only known case, besides that of glycogen 
of the formation of the same polj'sacchande by the organisms and by the animal 
body, this bemg perhaps the reason (Lancefield, 127) that it does not function 
either as an antigen or as a hapten See (221) for criticisms on opposite state- 
ments bA' Lowenthal (133) 

McClean (161, 169) has obtained interesting results from extensive studies on the re- 
spective parts played bv capsules and hyaluronidases in streptococcus infection Among 
about 50 strains of streptococcus he found that 16 of them developed capsules Extracts 
of none of these spread in the rabbit skin or hydrolyzed hyaluronic acid Most of the non- 
capsulated strains either in their onginal form or after ammal passage elaborated S F 
In most cases the capsules were composed of hyaluronic acid which was hydrolyzed by 
hyaluromdases from streptococcus or from other sources with the resultmg destruction of 
the capsules, but in a few strains the capsules lacked this carbohydrate, and one of them 
itself secreted hyaluromdase Only 2 or 3 strains apparently lacked both capsule and 
hyaluromdase The inclusion of hyaluromdase in the medium prevented the appearance 
of capsules m the strains to which capsules were normal The capacity to form either 
capsules or hyaluromdase was not confined to members of one Lancefield group, and in 
Groups A and C strains were found showing either characteristic 

McClean concluded that capsules and hyaluromdase are mutually exclusive 
smce the latter enzyme either would prevent the development of the capsule or 
would destroy it 

Pradham (204) studied a Group C stram growmg m a medium nch m serum 
and found that a thermolabile S F was detected only m 2-hour-old cultures when 
capsule formation was at its maximum, disappearmg later together with the 
capsules From this he concluded that the S F would seem to be the capsular 
material evolved by the cocci m the very early stages of multiphcation, and 
would be later destroyed or neutralized as growth proceeds This conclusion is 
contradicted by the work of McClean (161) and Seastone (221) It is hard to 
find an explanation to the findmgs of Pradham It may well be that the spread- 
mg was due to a bacterial component other than hyaluromdase Seastone did 
not find any spreadmg power m the purified polysacchande of a C stram, but 
such power although moderate was found m broth cultures of this stram (221, 
222) Also, Blundell (16) mduced slow, edematous spreadmgs with an acetone 
precipitate of a Group A streptococcus but, contrary to Pradham preparations, 
this power was retamed after heatmg at 100° McClean (159) found a trace 
of hyaluromdase m 20-hour-old cultures of capsulated strains, and he states 
that this provides a possible explanation for the early loss of capsules The 
mechanism of capsule loss as cultures age obviously calls for more work 
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The importance of the capsule m determmmg the virulence of streptococc 
has been pomted out by several authors, and the correlation of hyaluromc acid 
with the capsules imphcates this substance as a virulence factor This has 
been proved to be true m Group C streptococcus (221) Strains highly virulent 
for gumea pigs produce much larger capsules and much more polysacchande 
than do strains of low virulence This has led to a curious and apparently 
paradoxical experiment by Hirst (107) who showed that mice and gumea pigs 
could be protected from mtrapentoneal infections with a virulent Group C 
stram by repeated mtrapentoneal mjections of leech extract (devoid of hmidm) 
The protection was most probably due to the removal of the capsule in vivo 
smce decapsulation of Group C strains (and of Group A strains as well) in vitro 
takes place almost mstantly by the hyaluromdase of leech extract Protection 
against mfection by Group A strains by leech extract was only feeble, but 
Blundell (16) by usmg testicular extract has achieved better results m mice 
However, these results have not been duphcated (159, 162) m other strams 
employing hyaluromdases other than those present m leeches In view of the 
fact that the decapsulatmg effect lasted only a few hours, it was suggested by 
Bhrst (107) that the enzyme was mactivated m the host This was shown to 
be the case by McClean (162), who found that blood serum has a strong suppres- 
smg effect on hyaluromdase probably through competitive effects by substances 
similar to hyaluromc acid (For antagonistic effects of serum and white cells on 
S Fs see contnbutions of Tossatti and Graziadei m (44) ) From the evidence 
at hand it would seem that hyaluromc acid m Group C streptococcus plays 
a major role m the virulence (Seastone uses the term “mvasiveness”) of these 
organisms while m Group A streptococcus substances other than the polysac- 
chande (the tjrpe-specific M protem, m the first place) are responsible for it 
The relationship between S F and other staphylococcal and streptococcal con- 
stituents Facts, both chmcal and experimental, suggestmg an effect of the 
S F m these infections are numerous Those reviewed by Okell (191) and of 
Angevme (2) illustrate the rapidity of mvasion of tissues by streptococci which 
can be recovered from the regional lymph nodes m considerable numbers 15 
mmutes after mtradermal mjection Little is known of the relation of the S F 
to other weapons of the mvader, (leucocidm, fibrmolysms, abfiity to tolerate 
phagocytosis) and to the bactencidal power of the blood, prevention of formation 
of fibrm clot, etc (194, 99, 15, 248, 104, 47, 245) The dermo-necrotizmg effect 
shown by practically aU Staphylococcus aureus strams (195) as the most imme- 
diate proof of then local mvasiveness seems specially mterestmg m this respect 
There is a constant association, however, between the production of S F and 
some of the cultural, chromogemc, and biochemical properties considered typical 
of S aureus Furthermore, experimental manipulations resultmg m dissocia- 
tion of S aureus strams mto other variants has resulted m correspondmg fluc- 
tuations m the amounts of S F secreted (54) 

Pneumococcus The first studies suggestmg the important part played by 
the S F m pneumococcal infection were those of Goodner (95, 96) who studied 
the lesions mduced m rabbits by the mtradermal mjection of pneumococcus 
autolysates (dermal pneumonia) Large, spreadmg lesions were mduced which 
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on histological analysis were found to duphcate the three classical stages of 
lobar pneumonia Edema was the outstandmg feature of the early lesions, and 
it preceded any significant change m the cellular picture (95) Infections 
mduced m rabbits by pneumococci Type III of varymg pathogemcity were 
greatly enhanced by autolysates from homologous or heterologous types (96) 
McClean (166) showed that filtrates of cultures from pneumococcus Type I had 
a pronounced spreadmg action and a hydrolytic effect on hyaluronic acid (163), 
whereas filtrates from cultures of the same strain after repeated passage through 
media contammg specific antisera, which resulted m the loss of its pathogenic 
power, failed to spread Meyer et al (178a) demonstrated the enzyme m all 
the strains tested mcludmg R and S forms of Types I, II, III and VI The 
SSS has no spreadmg activity These facts mdicate that whatever explanation 
IS put forward concemmg the mvasion of the pulmonary tissue m lobar pneu- 
monia it should take mto consideration the effect of the pneumococcal S F 
Although lung is not a good tissue on which to detect spreadmg by direct mjec- 
tion, several mtegratmg structures of the pulmonary tissue can presumably be 
permeated by the S Fs The same can be said of the pleura, and the presence 
of hyaluromc acid m this tissue is suggested by its abundant secretion when the 
tissue becomes mahgnant The mcreased amount of cuculatmg glucosamme 
as shown m pneumoma patients by Nilsson (see 158) may be an mdication of 
hyaluromdase activity 

The importance of the spreadmg penpheral edema m pulmonary mvasion has 
been recently emphasized by Barry Wood (259) who quotes an observation of 
Suthff and Fnedeman (238) as of great theoretical mterest These authors have 
descnbed a soluble substance m both rough and smooth pneumococci that causes 
a spreadmg edema m the skm and lungs of puppies But this reaction was not 
observed m other animals, and the active substance withstood boibng foi 2 
hours Goodner’s studies are by far more lUummatmg, and the importance of 
the edema m tissue mvasion was well pomted out by him It may be that the 
edema-producmg substance is different from hyaluromdase and, together with 
the anticoagulant factor also found by Goodner, and other weapons of the 
bactenum, plays an important part m pneumococcal infection 

Oae gangrene infections The study of the part played by the S Fs in these 
infections has been earned out entirely by McClean (156) and the statements 
that follow are selected from his paper 

C welckii induces fulminating infections with marked general intoxication, the bacilli 
travel along the mterstitial tissue of the muscle and are often found beyond the gangrenous 
area All the strains examined elaborated large amounts of S F which was still detectable 
in filtrates diluted to 1 30,000 Clostridium aeplicwn {Vibnon septique) also induces acute 
intense spreadmg edematous infections with swellmg and induration of the tissues, some 
emphysema, and general intoxication Filtrates from the 6 strains tested had sigmficant 
but widely varying amounts of S F Clostndium chauvosx vanes considerably in its inva- 
sive power, and filtrates from its cultures also showed varying amounts of S JF , but no 
correlation was found between the degree of invasiveness of the 6 individual strains and 
their spreadmg power It must be said, though, that the latter property was mvestigated 
on rabbits while the former was studied on guinea pigs Clostndium oedemaliens (C 
novyi) which according to Weinberg occurs along with C welchii m gas gangrene infections 
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brings about a spreading gelatinous edema with marked general intoxication However, 
the organism spreads far less rapidly through the affected part than C welchtt does, and 
blood cultures during life are generally negative Ten strams of the orgamsm studied 
produced only traces of S F Clostndium hxstolyhcum is a powerful proteolytic and pu- 
trefactive anaerobe inducing intense local digestion of the tissues, but its invasive power is 
very shght Clostridium ietam does not invade the tissues and can only mitiate an infec- 
tion under favorable conditions such as provided in mixed infections of wounds Tests on 
several strains of both of the latter bactena showed complete absence of S F 

In 6 ummar 3 ’-, one can state m general terms that those organisms which are 
characterized by their capacitj for dramatic mvasion elaborate S Fs It was 
impossible to correlate variations of the factor with differences m the antigemc 
composition of filtrates 

Diphihena McCIean (156) studied many grams, zntermedius, and mills 
strams grown m broth and found that many of them regardless of t 3 rpe produced 
S F m moderate amounts Maximum production was detected after 1-2 days 
of growth We also found S F m 2 strains examined, and there seemed to be 
a correlation between the size of the lesions m rabbits and the amount of S F (65) 

O'Meara (193) has recently postulated that diphtheria toxm is composed of 
varying amounts of two substances One of them is substance “B” which is 
lethal for the gumea pig and is predommant m the toxm as usually prepared 
The other, substance “A,” predommates m salme extracts from 48-hour-old 
cultures of grams strams m Loeffler’s medium These extracts freed from bac- 
teria do not contain the classical diphtheria toxm, but mjected mtracutaneously 
produce most extensive necrotizmg and edematous lesions, which O’Meara 
regards as analogous to the S F , statmg that proofs of their identity are accu- 
mulatmg The part of this substance m infection would be to promote the 
invasion of tissues by the “B” substance It is from the synergic effect of 
these two substances that the hypertoxic, mvasive “buUneck” type of human 
diphtheria would result In view of O’Meara’s statements McCIean (160) has 
remvestigated the presence of S F m 50 diphtheria strains grown under a 
vanety of media and has found that filtrates of only a few of them had spreadmg 
effect of moderate mtensity and only one had a detectable enzymatic activity 
(See (71) for comment ) 

Combined infections It would seem probable that the bacterial S F may offer 

explanation of some puzzhng cluneal observations on combmed infections 
The case of streptococcal comphcations suggests itself first Goodner (95) has 
Sported an acceleration m the rate of spreadmg of the dermal lesions that occur 
when Bemophilus influenzae is used as an associative infective agent with the 
pneumococcus m the rabbit, whereas H influenzae mjected alone mduces only 
nnld lesions Shope (224) speculated along similar hues m discussmg the 
combmed effects of H influenzae-suis and swme influenza virus The possible 
effects of staphylococci on the activity of vaceme virus used for Jennenan pro- 
P ylaxis have been frequently emphasized (see 247, 128) Some observations 
( 08) suggest a possible effect of streptococcal S F m diphtheria infection and 
t t of C welchit m spreadmg pentomtis (16a) 

nfections by other organisms, and by filterable mruses Filtrates from Strepto- 
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baaHus monihSormis are endowed with a pronounced spreading power (still 
demonstrable at dilutions as high as 1 500), and also with an enzymatic activity 
against hyaluronic acid m extracts from Rous sarcoma On the contrary, 
filtrates of the corresponding Li forms were practically devoid of such ac- 
tivity (200) 

In contrast with the mvasive species just reviewed many other species, patho- 
gemc or not, are devoid of S F Among them are mcluded all types of tubercle 
baciUi, the tested strains of memngococcus, Eberthella iyphosa, Rickettsia pro- 
wazehi, PasteureUa pesiis, and many others (64, 156, 65) It can, m general, 
be said that none of these bacteria mduces large spreadmg lesions at the point 
of moculation Some other bactena, though, such as mouse typhoid, and pos- 
sibly a number of diphthena strams (156) do produce extensive local lesions, and 
although we have detected some spreadmg power m autolysates of mouse tjTihoid 
cultures or m filtered extracts of the lesions they mduce (65), it is doubtful 
whether the S F presumably present can explam the large size of the lesions, 
which (hke those mduced by some strams of streptococcus) spread for several 
days m the rabbit skm Another problem is that of the anthrax infections 
where a spreadmg lesion appears only m the last phases of the disease No S J 
was found m cultures of B anihracis (156), and it was doubtful if any was present 
m the edema fluid (65) 

From many mcidental observations on vaccmia, Rous sarcoma, rabbit fibroma 
and other virus diseases (66), the conclusion was reached that if the tissue which 
they infected did not contam S F a spreadmg effect was never detected in 
extracts from materials nch m those viruses 

In a direct approach to the problem (65), rabbits were injected intracerebrally with 
vaccme virviB or mvasive staphylococcus, and gumea pigs to the cornea with herpes virus 
Extracts from the staphylococcus-infected brains induced pronounced spreads, but those 
from the brams mfect^ with herpes or vaccmia, although having a high virus content, did 
not spread more than extracts from normal organs Complementing the above observation, 
it was also found that purified vaccimal elementary bodies and extracts of cultures tn tntro 
of the same virus were also devoid of spreading effect Therefore, it can be concluded that 
the viruses studied are devoid of the property of secreting S F 

S F in secretions and infiammatory exudates It is not known whether the 
S Fs m these matenals are secreted by tissues or are of bacterial ongm but 
whatever the source the importance of these factors m infection seems to be 
obvious 

In 1931, Hanger (103) reported that in about 40 experiments, filtrates of nasal secretions 
from normal persons injected together with Paeleurella lepiaeplxca in the skin of rabbits 
induced a considerable enhancement of the infection which spread rapidly, and usually 
caused death in about 6 days Secretions from acute colds were m general more effective, 
and the same occurred with nasal secretions from rabbits suffenng from acute snuffles 
We (66) have completed the above observations by showing that filtrates from 4 different 
nasal secretions dunng colds are endowed with spreading power Hanger also reported 
that sahva showed the enhancmg effect to a moderate degree, but tears were mert 

In experiments on rabbits (66) m which hgature of the intestme was earned out the peri- 
toneal exudate showed a pronounced spreadmg power Some of the exudates yielded no 
bactenal growth whereas abundant cultures were obtained from others Filtrates of the 
mtestinal content of rabbits showed a moderate spreading power In experimental sta- 
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phylococcal infection, serosal exudates containing the causative organism also contained 
large amounts of S F 

Fate of the hadendl and tissue S Fs dunng infection When an mvasive strain 
of staphylococcus is miected mtratesticularly into rabbits an acute, fatal infec- 
tion follows The presence of S F in the blood can be demonstrated 3 hours 
after infection and contmues throughout the hfe of the animal India ink 
spreads considerably m the skm foUowmg mtravenous mjections, m rabbits, of 
staphylococcal filtrates, but the S F disappears very rapidly from the blood, 
suggestmg e limin ation, neutrahzation or fixation m tissues (64) 

In one experiment (65) rabbits were injected in one testicle with a strain of Staphylococ- 
cus aureus secretmg large amounts of S F , and other rabbits were s imil arly mjected with 
vaccme virus, an infectious agent not secretmg S F The animals were killed m successive 
days and the spreadmg power of extracts of normal and mjected testes was studied It was 
found that with the progress of the process there was in both infected testes a progressive 
dimmution of the S F , until complete suppression occurred about the 6th to 8th day while 
the infectious agents were still present in the tissues 

These facts seem to mdicate that m staphylococcus infection the circulatmg 
S F IS mostly denved from the mfected testicle and not from the bactenum 
However, that there is a release of S F from dermal staphylococcal lesions can 
be suspected from the fact that the average area of spread of India ink alone 
m the skm of rabbits mfected with mvasive strains was larger than similar 
spreads m rabbits mfected with non-mvasive strams (54) Whatever its source, 
it IS clear that the S F does not persist a long time m the blood stream, and we 
know that it is neutrahzed by blood serum (162) 

The presence of S Fs m infectious exudates suggests an analogy with the 
so-called agressins descnbed by Bail Although some differences could be noted 
between the two factors, one has to remember that agressins are far from bemg 
well defined entities, and it is possible that on final analysis at least certam 
agressm extracts may be found to contam S Fs m suflBcient amounts to account 
for some of the enhancement activity 

INVASIVENESS AND VERtTLENCE 

The invasiveness of bacteria Acceptmg the general term of pathogenicity as 
the power shown by some bactena to implant themselves and multiply m the 
hvmg tissues, it would seem warranted to group under a specific designation 
those among them secretmg certam substances — of which the S Fs are the most 
important — ^pnmanly concerned with overr unnin g the tissues with which the 
bactena first come m contact 

In 1933 (64), after finding that bactena which are frankly virulent when introduced by 
certain routes do not show local mvasiveness and do not elaborate S F , we inferred ten- 
tatively that virulence and mvasiveness are not the same thing McClean (156) has brought 
forward already reviewed experimental evidence on gas gangrene bactena wluch “broadly 
speaking” confirmed the view, and recently (161, 169) has pubhshed data on streptococcus, 
of fundamental importance Topley and Wilson (246), in discussing the confused ter- 
minology employed in the processes of infection, have suggested a distinction between m- 
vasiveness or the power “of rapid spread withm the tissues” and \arulence or the power “of 
bnnging about the rapid death of a particular host” shown by bactena Okell (191) has 
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emphasized the same pomt in streptococcus infection “invasive and septicemic powers 
are not the same things”, “nor is virulence as tested by the power to cause fatal blood 
infection m animals any guide to mvasive potentialities in man ” Menkin (170) after his 
studies of differences in the local inflammatory reaction (walling-off) induced by vanous 
bactena has concluded that “virulence and mvasiveness are therefore regarded as 
two separate vanables ” 

That many bactena are endowed with a high lethal power and yet do not induce spread- 
ing local lesions has already been mentioned (54) (166) Analogous dissociation is found m 
groups of the same species Thus, Rivers (212) descnbed an erysipelas strain of hemolytic 
streptococcus which mduced severe spreading lesions when mjected intradermally m 
rabbits, but had no lethal power when mjected mtrapentoneally or intravenously in large 
doses Practically the opposite was found by Seastone (221) m his Group C strains, and 
Okell (191) mentions a stram isolated from a trivial wound that killed mice in intravenous 
doses of 1/2,000,000 ml Meyer et ai (178a) found abundant hyaluromdase m R types of 
pneumococcus The same dissociation has also been observed between exotoxigemc power 
— an angle of virulence — and the mduction of spreading local lesions Thus Mader and 
Halpem (139) after a study of more than 400 strains of diphthena baciUus concluded that 
there is no relation between the size of the dermal lesions induced m the rabbit and the 
production of toxin, the best toxin-producmg strams belonging to the group mducmg the 
milder skm lesions The direct experimental approach of McClean (161, 169) has yielded 
the most illuminatmg data on the subject 

He has shown that the invasive uncapsulated, hyaluromdase-producmg strains of strep- 
tococcus have a very low virulence for nuce after peritoneal mjection while the capsulated 
A and C strams may or may not show a high virulence But when the mvasive strams are 
mjected mtreidennally their pathogemcity is greatly enhanced If mjected by the same 
route mto rabbits the mvasive strams cause large spreadmg necrotic lesions with diffuse 
margms while the capsulated, virulent strains produce furuncle-like oircumsonbed lesions 
with little or no necrosis Complementmg these observations, McClean has shown that 
passages through mice or through media contammg hyaluromc acid result m a pronounced 
increase m the production of S F for the mvasive strams, a response, as he pomts out, of 
probably great importance m the extension of infection The same procedure apphed to 
virulent capsulated strams has failed to promote the formation of sigmficant amounts of 
hyaluromdase McClean (163) had already determmed that the addition of potassium 
hyaluronate mcreases the yield of hyaluromdase, thus givmg experimental reahty to a 
hypothesis of Robertson, et al (214) The same observations were also extended by 
McClean to pneumococcus Type I Goldie (94) has reported, an mcrease of the “local 
virulence” of diphtheria strams after passages through media contammg organ extracts 
without any mcrease m the production of toxm 

From these as well as from other experiments (54, 203), it follows that mvasive- 
ness, like virulence, can be specifically lost and recuperated by adequate expen- 
mental means, and m all probabihty the same happens m nature through bac- 
terial variation 

One can now approximately visualize the successive phases of the infection 
mduced by mvasive bactena as follows 

(A) Hydrolysis of the mucoid ground substance of the connective tissue (a 
preexistmg physiological obstacle), and multiphcation 

(B) Spreadmg primarily through the tntersMial system of the C T , now 
presumably a flmd medium, further multiphcation with considerably 
mcreased secretion of hyaluromdase (159, 161), and further spreadmg 
Secondarily, comparable effects are exerted from without on local blood 
and lymph vessels which may result m their mvasion, subsequent dis- 
semination of the infection, and secondary localization 
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(C) As a result of the action of the S Fs , and sunultaneousl}'’, other charac- 
teristic bacterial components attack the barners called forth by the infec- 
tion itself, the most obvious bamers bemg phagocytes and fibrm 

Changes m this sequence would depend on whether free S F is present m the 
moculum as m experimental infections, on whether the S F was not hyalurom- 
dase but some other bactenal component actmg on C T or blood and lymph 
vessels, on whether S Fs are hberated from tissues durmg the infection as m 
testicular infection, etc Parallel phases m infection by virulent bacteria would 
be as follows 

(A) Multiphcation, but not spreadmg, m the mterstitial system withmvolve- 
ment of lymph and blood vessels 

(B) Dissenunation by the circulatmg lymph, blood or both, and secondary 
locahzation 

One could state that, m general, m lesions mduced by mvasive bacteria the 
portal of entry is always obvious and the propagation of the infection — spread- 
mg — IS of an active nature, the direct result of adequate secretions of the mvader, 
whereas m lesions mduced by virulent bacteria the portal of entry is less or not 
obvious, and the propagation of the infection — dissenunation — is by passive 
transport It may be useful to remember m this connection how prominent the 
mvolvement of lymph nodes is m infections by virulent bacteria, of which tuber- 
culosis IS the best example Such a lesion m early infection constitutes the 
“pnmary” chmcal lesion, but its very location mdicates a passive transport of 
the bacilh from an extra-lymphatic portal of entry Examples have been 
quoted m which there seems to be a mutual exclusion between locally actmg 
toxins hnked to the S F and toxms of general effects, but generahzations would 
be nsky It seems clear, though, that withm the complexity of each infection 
the presence of the S F gives a chmcal community to conditions mduced by the 
most different sorts of bacteria, the mvasive bacteria 

The invastveness of animal poisons The same mecbamsm of tissue invasion by bac- 
tena is also operative in many animal poisons It has been shown (66, 61) that the venom 
of rattlesnakes (Crotalus adamanleus, C temficvs dvnssus, C alrox,) and water moccasm 
{Agkislrodon pisctvorus) among Vtpertdae crotahnae contain very large amounts of S F 
These venoms when injected intradennally mto rabbits diffuse very rapidly and at the same 
tune produce very severe local lesions On the contrary the snake venoms from Colvbndae 
proieroglypha studied proved to be frequently lethal, but those of cobra {Naja tripudians), 
death adder {Acanihophts antarclicum) and black tiger {Notechie scutalus) contained little 

5 F , and the local lesions induced were comparatively mild while those of coral snake 
(Elaps fulvtus) and superb snake (Dentsonta superba) mduced larger lesions, but never as 
sei ere as those of Vtpertdae crolaltnae The poison m the secretions of the skin glands of 

6 species of toads behaved like snake poisons of the latter group m that they have little or 
no S F , and induce neghgible lesions, but have a very pronounced lethal power As a 
counterpart to these tests, extracts of the supralabial glands of harmless species of snakes 
such ns the pine snake (Ptluophts catenifens) and chicken snake {Elaphva quadnvillata) 
contain \ erj little or no S F and are entirely devoid of both local and general toxicitj 

Confirming and extending these results Tarabini-Castellani (241) found a spreading effect 
in the ■venoms of Vtpera aspts, Lachests altemaius, Lachesis lanceolatus, Crotalus iemficus, 
and Naja kaje emplojed at low dilutions, and titration of the Vtpera aspis venom showed 
spreading at the dilution of 1 96,000 Also extracts of the whole v enomous organs of the 
two poisonous fishes, Trachtnus vtpera and Scorpaena porous showed spreading power. 
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although less pronounced than that present in snakes, but analogous extracts from two 
species of scorpions Buthus bicolor and Euacorpius ttalicus showed a high content of S F 
which, in the case of the latter species, was still evident at dilutions of 1 160,000 in extracts 
of the poisonous abdominal segment Brum (21) has mdicated a rather pronounced spread- 
ing power m extracts of Ankylostoma duodenalts, which the author ascribes to the cephalic 
and cervical glands that elaborate the toxic, hemolytic secretion 

A state of affairs analogous to that present in species of the above zoological groups seems 
to be present also in insects, for it has been shown (56) that extracts of the whole bodies of 
spiders, bees, wasps and mosqmtoes have a rather pronounced spreading power and induce 
local lesions of varying seventy, spider extract being the most active, while extracts of non- 
poisonous msects are whoUy inactive m these respects Bee poison hydrolyzes hyaluromc 
acid (27) 

It IS clear that the presence of S F in the secretions of all these poisonous animals largely 
explains the rapidity m the development of the local and also general lesions following their 
bite or sting The severe, edematous, necrotizing and hemorrhagic lesions following inocu- 
lation with rattlesnake venoms are the exact counterpart of the accidents following snake- 
bite in man Tissue damage by some snake venoms is such that proofs were reqmred to 
show that spreading was due to a selective permeation of tissues and not a simple diffusion 
through tissues whose texture and cohesion were so altered By injectmg rattlesnake 
venom intravenously and India ink intradermally or by injecting a mixture of both materials 
in the skm of dead rabbits, it was possible to obtain the spreading effect without any accom- 
panymg lesion (61) (See other experiments on the subject in footnote 4 ) The content in 
S F IS high in venoms of the Vtpendae (rattlesnake) family, and relatively low in the Colvb- 
ndae proteroglypha (cobra) family, and one could well speculate on extending to these ven- 
oms the same principles that we have appbed to mvasive and virulent bactena There is 
in some oases a mutually exclusive effect between the local and general effects of the ven- 
oms studied, as in the case of bactena 

Claude (39) has shown that extracts of leeches have a very high content in S F which 
has the same distnbution in the body of the a nim al as the anticoagulatmg factor, both 
onginatmg for the most part in the antenor digestive tract, and it is conceivable that the 
S F 18 released together with the anticoagulant factor at the moment of the bite Claude 
points out that the therapeutic apphcation of leeches is sometimes attended by extensive 
suffusion of blood in the subcutaneous tissue 

The iTwasivenees of malignant cells The presence of S Fs in extracts of many of the sev- 
eral animal and 46 human tumors studied has been reported (68) , and extensive study of 
several tumors of rats, mice and chickens has disclosed a parallehsm between the rate of 
growth and the amount of S F (17) It is curious to notice that Rous sarcoma apparently 
does not contam any S F while Fugmami’s sarcoma does contain it The former tumor — 
and other fowl tumors as well — secretes large amoimts of hyaluromc acid (41, 120), but 
no data are available on the latter tumor which is just as viscid as the former No hyaluron- 
idase activity was found m the Jensen rat sarcoma (27) It is possible that one may have 
here a state of affairs analogous to that present m streptococcus mvolving a mutual exclu- 
sion of enzyme and substrate, and the problem is worth further investigation The find- 
ings of Boyland and McClean suggested to them that the 8 F may control tumor growth 
"It IS possible that the increase of a transplantable tumor is Imuted by the amount of nu- 
tnent matenal whieh diffuses mto it and that any substance which helps the diffusion may 
enhance the rate of growth Alternatively, the presenee of the diffusmg factor may increase 
the permeabihty of the tissues of the host and so facihtate the growth of tumor” (17) It is 
known that cancer is the most permeable tissue to blood-transported dyes and sera (69) 

THE “CRmCAIi concentration” OF THE PATHOOENIC AGENT IN INFECTIONS AND 

IN TOXIC PHENOMENA 

Bacterial infection This concept was evolved from studies m our laboratory 
•V ID which the S F was employed as a tool for studymg the effects of the local 
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dispersion of the infectious agent as a factor in resistance to infection (53, 55) 
The results obtained in bacteria can be summarized as follows 

(A) The mild lesions mduced by bactena of low pathogemcity (such as Staphylococcus 
albus, E coh, Proteus vulgans, pneumococcus R , etc ), had their infections enhanced by 
T E only when the bactena were mjected m very high amounts, complete suppression by 
spreadmg being observed at lower concentrations 

(B) The severe lesions induced by bactena of medium or high pathogemcity (such as 
streptococci or mouse typhoid bacillus) had their infections enhanced by T E when the 
bactena were injected in amounts varying according to the species or strain, but alwaj's 
higher than those of group (A) Partial or total suppression by T E was observed at vary- 
mg levels below that concentration 

(C) The very severe lesions induced by bactena of very high pathogemcity, such as 
pneumococcus Type I (Neufeld strain 143), or human or bovme tubercle bacilli (242), had 
their infections enhanced by T E at all dilutions tested, the last ones theoretically contain- 
ing one or a few bactena * 

(D) If the experiment on pneumococcus was repeated on a rabbit that had had even 
small amounts of specific antiserum then suppression of the infection induced by large 
amounts of bactena was easily accomphshed by T E Control lesions induced by the higher 
concentrationsof bactena were not affected by the serum injected (see Fig ImRef 55) ’ 

From the findmgs it is reasonable to assume that enhancement of bacterial 
lesions will be observed, first when the concentration of infectious agent at the 
site of moculation is so high that the scattering effect of dispersion fails to reduce 
the infectious agent below a critical concentration, and second, when the patho- 
genic power of the mjected bactena is so great that local agencies are msufficient 
to mactivate them even when widely separated m the tissues Inhibition will 
be observed when the concentration of bactena at the site of moculation is such 
that the dilutmg effect of dispersion will reduce it below the cntical concen- 
tration, and when the pathogemc power is so low that the local protective agen- 
cies are able to mactivate the bactena even when their number is relatively 
considerable 

The concept of cntical concentration adds a new angle to the relativity of 
the pathogenic power of bactena, an effect always conditioned by the vanable 
resistance of the host The example of infection by a stram of pneumococcus 
known to be lethal when a smgle bactenum is mjected is specially lUummatmg 
by dispersmg large amounts of bactena through the tissues rendered shghtly 

* It IS interesting to notice that avirulent strains of acid-fast bacilli, for instance BCG 
and Mycobacterium phlet, behaved hke the virulent ones when they were spread by T E 
The lesions induced by some of these avirulent strains were so mild that had they been in- 
duced by a non-acid-fast strain would have been most easily suppressed by spreading 
However, since the lesions induced by aU the strains of acid-fast bacilh killed by heat are 
equally enhanced at all dilutions by spreading in normal or tuberculous ammals, it is obvi- 
ous that w e are not dealing with an effect of virulence proper but with one of toxicity which 
depends largelj on the fat constituents of the bacillus, because when large amounts of de- 
fatted bacilli were injected with T E , enhanced lesions resulted, but when smaller quanti- 
ties were injected, suppression of the lesions occurred 

’ A similar experiment attempted with an anti-tuberculous serum and one human and 
one bovine strain of tubercle bacillus gave negative results This serum (No 5807, Sharpe 
and Dohme) was almost entirely of antijiolysacchande character, had an antibodj content 
% erj' low if compared to antipneumococcus serum, and exerted a moderate suppressn e effect 
onlj when the serum was injected into the skin together with the infective inoculum (243) 
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resistant by the specific antibody the high pathogenicity of the organism was 
reduced to nearly that of a saprophyte “ Other striking examples were those 
of certain strams of streptococci which if mixed with salme gave lesions of 
50 cm^ or more, but repeated m such a way that each of the dilutions of strepto- 
cocci (and staphylococci as well) mixed with T E were mjected mtradermally 
mto one rabbit, and mixed with salme were similarly mjected mto another 
rabbit, the followmg paradoxical result could be obtamed accordmg to the dose 
mjected and to the mdmdual resistance of the host, the animals mjected with 
bactena suspended m TE developed no lesions and survived while those 
mjected with bactena suspended m salme developed large lesions and died 

The same inhibition by excessive spreadmg was also observed when homolo- 
gous or heterologous bactenal S F was substituted for T E an infection by a 
staphylococcus stram for mstance was totally suppressed by mjection of the 
bactena mixed with filtrate from cultures of the same stram This suggests the 
existence of a dehcate balance between the pathogemcity of an mvasive strain 
and the amount of S F it secretes if bactenal moculation is to be followed by 
successful infection Alteration m this balance must logically be a determmant 
m the mfectivity of agmg cultures where the amount of bactena progressively 
diminishes while that of S F remams practically constant It may also con- 
ceivably play a part m the processes of natural or therapeutically mduced 
recovery m a manner not dissimilar from the way the S F so greatly accentuates 
the effects of anti-pneumococcus serum Further evidence of the beneficial 
effect of dispersion on the process of mfection has been brought forward m 
studies on a non-mvasive mfection, tuberculosis, by Thomas and Duran- 
Reynals (242) The data are summanzed as follows 

(a) While the addition of T E to human tubercle bacilli resulted in the most pronounced 
enhancement of both local and generalized lesions when the mixture was injected mto nor- 
mal guinea pigs, the repeated mjection of T E mto tuberculous animals had no untoward 
effect, even m an infection of recent ongm (10 days) On the contrary, there was a slight 
difference m favor of the treated animals 

(b) The resistance conferred upon tuberculous guinea pigs by supennfection was greatly 
increased when the bacilli employed were dispersed through the skin with T E The same 
treatment m rabbits was not followed by any extension of the new infection to the viscera 

(c) The partial mjmunity conferred upon gumea pigs and rabbits by vaccmation with 
heat-killed tubercle bacilli was mcreased as a result of dispersion of the vaccme through 
the skin with T E Also, tuberculous rabbits infected with dead tubercle bacilli suspended 
m T E showed an mcreased resistance to the disease when compared with controls receiving 
dead baciUi suspended m salme solution The addition of T E to tubercle bacilli mjected 
mto tubercular gumea pigs has been reported to counteract bactenal fixation by tissues 
(220) , however, the dispersion did not result m any important change in the usual course 
of events followmg reinfection 


As seen m text figure 1 and in table 4 of the Reference (196), the lesions mduced by the 
last dilutions of the control suspensions of pneumococcus without T E are considerably 
smaller m the rabbits that received the antiserum than m those that did not receive it 
Since the volume of the inocula was constant and the bactena therein m progressively 
smaller numbers, an effect equivalent to that of dispersion was obtamed, and these control 
injections are themselves further confirmation of the expenment 
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Virus infections Wlien progressively diminishing amounts of filterable virus 
were dispersed m the rabbit skm, the same as was done with bacteria, entirely 
different results were obtamed 

The experiments were earned out on 4 strams of vaceme virus, two of Shope, fibroma, and 
one of VITUS HI (66), to which may be added three more strains of vacoima (163) (231), one 
of Rous VITUS (113, 66) , and probably two strams of herpes and one of vesicular stomatitis 
(200) It was found that the spreadmg effect of T E considerably enhanced the develop- 
ment of lesions due to these viruses m all dilutions employed, even those approachmg the 
mmimal infective dose If the experiment was repeated on a partly immunized animal, as 
it was done with pneumococcus, the foUowmg results were obtamed if moderate amounts 
of serum were employed, there still was a moderate or pronounced enhancement by spread- 
mg according to whether the serum was mjected mtravenously or locally If larger doses 
of serum were mjected, then an almost complete suppression of all lesions followed Sup- 
pression by dispersion as observed m the case of pneumococcus was never observed 

In other words, the viruses studied were not suppressed m their action when 
spread throughout the tissues of the normal susceptible host, and consequently 
they behaved m this respect hke very pathogemc bacteria, e g pneumococcus 
This held true for doses approachmg the minimal infective dose (which m the 
case of pneumococcus we know may be a smgle bacterium) From this we 
concluded m 1935 that one may assume that the critical concentration of virus 
per unit area of tissue is an infective unit of virus (55, and personal commumca- 
tion m Ref 129 ) 

Doerr and Seidenberg and Keogh (see 196) after results from titratmg vaceme 
virus on the rabbit skm and chono-allantoic membrane of the chick respectively, 
suggested that a smgle virus particle could mduce infection, and Parker and 
Rivers (see 198) showed that there was a high degree of correlation between the 
number of elementary bodies counted m a cahbrated chamber and the number 
of lesions they mduced Mernll (173) calculated that the minimum infective 
dose of vaccima for the rabbit skm was at least 10 virus particles Parker (196), 
by applymg appropriate statistical analysis (Poisson's law of small numbers) 
to the lesions foUovraig the mtradermal moculation mto rabbits of smtably 
diluted virus suspensions, reached the conclusion that a smgle particle of vaceme 
virus was capable of mducmg infection, and later he showed the same for myxoma 
virus (197) Parker’s conclusions have promoted a controversy, and views 
favormg or opposmg his have been brought forward Thus Smadel, et al (227) 
have obtamed concordant results, and the same is true of Luna (134), who used 
bactenophage m his studies, and analyzed statistically the results of others on 
animal and plant viruses Sprunt and McDearman (see 231) verified Parker’s 
results, but thought the results mdicated that one particle would mfect if it 
reached a susceptible cell Sprunt, et al (234) suggested the possibihty of 
reconcilmg their findings with Parker’s if the factor of host susceptibihty be 
taken mto consideration Bryan and Beard (22) found very high values for the 
mfectmty of the papilloma virus-protem, and attnbuted to the host the pnmarj' 
role m the determmation of the pattern of response to papilloma, vaccmia, and 
mj-xoma viruses “contrarj' to Parker’s concept that the character of the distnbu- 
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tion IS determined only by virus factors ” Levaditi (129) studied the problem 
on vaccinia with the aid of fluorescence microscopy and found that the minim al 
number of particles capable of mducmg infection was extremely variable depend- 
mg on a number of factors of which tissue affinities of the virus, animal species, 
and natural or acquired resistance of the host would be imquestionable 

It IS impossible to reach final conclusions from the data today available It 
would seem though that at least a part of the controversy hmges around the 
concept of the waste of virus mjected even mto the perfectly susceptible host 
Such waste is largely related to the number of susceptible cells available, and it 
may be presumably higher m papdlomatosis,^^ where only epithelial cells are 
susceptible, than m vaccmia or myxomatosis where both epithelial and mesen- 
ch3anal cells are susceptible The great importance of the route of moculation 
m this respect is illustrated by Levaditi’s work (129) Waste would be minim al 
when the virus is dispersed as followmg mjection mto a highly permeable skm 
as m rabbits treated with S F , and maximal when the virus is concentrated as 
followmg mjections mto a skin of low permeabflity as m rabbits treated with 
estrone This is what has been experimentally verified by Sprunt (231) who 
concluded that the chance of infection could not only be statistically predicted 
from the amount of virus (vaccmia) mjected and the host resistance, but was 
also influenced by the number of cells exposed to each virus particle, m other 
words, by the concentraiion of the virus (See (230) for other developments of 
the same idea ) 

If one reasoned by analogy to what happens when bacteria are dispersed by 
the S F , several or many particles of virus of lesser pathogemcity would be 
required to mduce a lesion But, our experiments showed that enhancement of 
the infection resulted mdependently from the mdividual vanations of suscepti- 
bihty of the host and of the seventy of the lesions usually mduced by the virus, 
and Parker found that the smgle-unit rule apphed to strains of vaccmia widely 
different m then pathogemcity In other words, viruses always behave like 
bacteria of the highest pathogemcity so far as concerns then abihty to implant 
themselves m the host but, contrary to these bacteria, this abihty is mdependent 
of the gravity of the lesions that follow Also, contrary to at least one of these 
bacteria, pneumococcus, dispersion of at least one virus, vaccmia, through the 
tissues of a partly immunized animal did not enhance at all the suppression of 
the virus by the antibody It remains to be shown whether m this case the 
infectious umt was stiU a smgle particle endowed with special characteristics of 
mfectivity or whether it was a complex of several particles actmg together 
The S F , as an agent for dispersion, shows that virus infections of the skm are 

Dispersion of the papilloma virus through the interstitial system of the C T by means 
of the S F does not enhance the resultant infection at all (65) 

“ In connection unth these results, it may be of some interest to record some studies on 
the effect of T E on neutral mixtures of vaccine virus and antiserum Vieuchange (261) 
observed that rabbit T E added in tniro to nuxtures of virus and serum neutral for the rab- 
bit skin renders this mixture virulent for the same tissue, but the same expenment earned 
out by Fairbrother (73) did not result in any reactivation The latter incubated his nux- 
tures containing T E for 2 hours at room temperature, whereas Vieuchange incubated his 
^ for 30 minutes at 37 C and overnight in the icebox 
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associated with local reactions different from those attending bacterial infections 
Possibly the protection afforded by the association of the virus with cells may 
be a determinant of these differences, but inherent characteristics of the vims, 
the perfect virulent agent, seems to be the fundamental cause 

Toxnc and aUergic phenomena In 1930 McClean (153) reported the enhance- 
ment of diphtheria toxm by T E , and thereafter, the addition of this toxm to 
the moculum as an mdicator of spreadmg has been widely used T E , though, 
was not found to enhance the effects of some enzymes and toxins mjected in or 
under the skm (111) Bier (14) reported that the Schwartzman phenomenon 
was enhanced if T E was mixed with the toxm of the preparatory mjection, 
while Cassuto (24) reported opposite results Doerfles (48) found enhancement 
of the Koch phenomenon, but inhibition of the tubercuhn and Arthus reactions 
Analogous results were obtamed by Brum (19) with the latter reaction In 
1933 we (53) reported experiments on the reactions mduced by the mjections of 
a constant amount of TE and decreasmg amounts of E coli, toxms, and 
foreign sera, and on the Arthus and Schwartzman phenomena mduced by the 
same materials It was found that the dissemination of the mfected materials 
by T E resulted m a considerable dmunution m mtensity of the mduced lesion, 
and gams m sizie accompanied losses m seventy The milder reactions were 
completely suppressed by spreadmg 

However, the capacity for mduction of systemic mjury shown by the agents 
was not eventually modified by spreadmg Thus, m agreement with Doerfles, 
the local tubercuhn reaction m tuberculous gumea pigs was foimd to be reduced 
m mtensity per umt area of tissue, but the toxic general effects were m no way 
altered (242) It is probably on account of differences m the permeability of 
the skm that one can mterpret the results of Freund, duphcated by other workers 
(see 97), that older gumea pigs gave more pronounced skm reaction to tubercuhn 
than young animals, but when tubercuhn was mjected mtrapentoneally both 
age groups showed equal general susceptibility However, Marabotti (see 88) 
saw the tubercuhn reaction m human bemgs much diminished m presumably 
less permeable areas, and Joyner and Sabm (119) found no correlation between 
the mtensity of the tubercuhn reaction and the spread of a dye m the skm of 
mdividual adult rabbits, so that, m these cases other comphcatmg factors were 
probably at play As m the case of bacteria, the capacity to stand the sup- 
pressmg effects of the spreadmg vaned accordmg to the strength of the toxic 
matenal and the degree of susceptibihty of the normal or sensitmed animal, 
and the concept of cntical concentration, although modified by their mcapacity 
for multiphcation would seem to apply to toxic materials also Some authors 
(48, 24) agree with this mterpretation An mterestmg aspect of the effect of 
spreadmg on toxic phenomena has been developed by Head and Thomas (105) 
m then- study of bums The mfiammation brought about bj’’ such lesions, as 
mduced by heat or cold m the rabbit skm, tended to remam sharply localized, 
but if TE was mjected Gocally m the lesion, or m the vem, or pentoneum), 
then a marked enhancement of the severe lesions, and a suppression of the mild 
ones, resulted 

The concept of cntical concentration bears directl}’ on the problem of the 
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number of infectious particles that must simultaneously reach the exposed mdi- 
vidual to start infection, and suggests important modifications of the outcome 
of this infection by the degree of tissue permeabihty of the host The same can 
be said concemmg the local manifestations of phenomena of allergy and 
mtoxication 

THE INFLtrENCE ON INFECTION OF LOWERING OP TISSUE PERMEABILITr 

In tnflammaiory conditions As a manifestation of inflammation, a mechanism 
IS known which tends to protect the organism agamst mfection m general, hut 
more especially against the immediate effect of mvasive bactena This mecha- 
nism IS effective either m the inflammatory focus itself, or at a distance from it, 
and m both cases it consists of a lowermg of the permeabihty of the tissues 

FaviUi (77), in our laboratory, showed that treatment of the skin by intraoutaneous injec- 
tions of broth or staphylococeal filtrates previous to the injection of T E suppressed the 
spreading effect of the latter mjected into the prepared areas The same was found later for 
S F from C welchtt (88) In parallel experiments it was determined (77) that injections of 
living staphylococcus mto areas of skin similarly prepared resulted in negbgible lesions, 
whereas the same bactena mjected mto non-prepared areas mduced very large spreading 
abscesses Later, the same observations were extended to vaccme virus cultivated m rab- 
bit’s testes (78) Takmg as a working hypothesis that substances lowermg cell permeabil- 
ity would antagomze the S Fs , FaviUi (79) studied the effect of urethane and Ca salts and 
found that treatment of the skm with these substances resulted, too, m a considerable sup- 
pression of the spreadmg by T E , the same was also true for vacomal (80) and staphylococ- 
cal (34) mfeotions 

From these results Favdh first concluded (79) that the lowered permeabihty 
of the skm was the result of a direct effect on the permeabihty of the tissue cells 
On restudymg the question with McClean (88), it was found that aU the mate- 
nals suppressmg spreadmg exerted then- effects only when mjected locally where- 
upon all ehcited an inflammatory reaction It was finally concluded that the 
lowered skm permeabihty was associated with the early stages of the inflamma- 
tory response 

A general alteration of tissue permeabihty in an infectious disease was first 
reported by Joyner and Sabm (118) who found that the spreadmg of Pontamme 
sky blue was much restncted m the skm of tuberculous gumea pigs The aver- 
age spread m allergic tuberculous animals was 1,214 mm® as compared with 
2,102 mm® m normal animals The same restriction was observed m gumea 
pigs affected with lymphademtis due to streptococcus T3q)e C, the average area 
of spreadmg bemg 1,359 mm® Anergic animals m advanced stages of tubercu- 
losis did not restnct the dye The authors pointed out the opposition between 
the effects of tuberculosis and that of the S F and suggested that changes m 
the imtabihty and permeabihty of tissues were back of the phenomenon 
These findmgs were duphcated m young tuberculous gumea pigs or m those 
mjected with heat-kiUed bacilli by Gottschall and Bimney (97), but no differ- 
ences were found between the skm permeabihty of old tubercular and old normal 
gumea pigs probably because, as already reviewed, tissue permeabihty is much 
lowered m old animals 
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Duran-Reynals and Estrada (67) have shown that the induction in rabbits 
of even small lesions by mvasive bacteria renders the whole skin unpermeable 
which fact has a most important bearmg on mfection A summary of the ex- 
perimental basis follows 

(a) When small amoimta of staphylococcus or streptococcus cultures are injected intra- 
dermally into rabbits at intervals even as short as 30 mm, there is a considerable and pro- 
gressive dimmution in the size and seventy of the lesions resulting from the 2nd, 3rd, and 
4th mjections, these bemg from 4 to 50 times smaller than the first The suppression is due 
to a non-specific and temporary lowenng of the permeabibty of the skm, as shown by the 
fact that the spreading of India ink mixed with either sahne solution or streptococcus fil- 
trate IS much restncted after the induction of the dermal lesions 

(b) The phenomenon is absent m the case of lesions mduced by either bactena of little 
virulence or killed by heat, but if S F from testicle or streptococcus is added to the former 
and large lesions result, then the phenomenon is shown agam It is also shown when large 
amounts of bactena of moderate virulence are injected, but then it is never so pronounced 
as when S F is added to the moculum 

Therefore, a pronounced lowenng of the permeabihty of all dermal C T , and 
presumably of the C T of the whole organism, is brought about whenever the 
S F has contnbuted even to a comparatively nuld infection, but smce massive 
infections mduced by virulent bactena, without S F mduce it too, it would seem 
that the S F , or the products of its action, is not the direct cause of the phenome- 
non, but the vector of another non-specific substance effective on the mterstitial 
system of the C T This hypothesis would be m Ime with the findmgs by Men- 
kin (171) of chemically defined substances m the focus of inflammation respon- 
sible for one or another of its manifestations Other possibihties have been 
discussed elsewhere (67) Despite the general mcrease of permeabihty which 
results from bacterial S F from staphylococcus mjected mtravenously, a tran- 
sient mcrease, premomtory to the final decrease, m the permeabihty of the skm 
was never observed However, it may be that m infections of long standmg 
produced by mvasive bactena, the permeatmg effect of the S F dommates the 
situation Thus, Volterra and DeGiuh (254) reported pronounced mcrease of 
dermal permeabihty m patients with pyodermatitis or septic diseases with cu- 
taneous localization Facts reported by Rigdon (211) may bear some relation 
to this subject 

The lowenng of tissue permeabihty at a distance from the inflammatory focus 
suggests that the occurrence of the same phenomenon m the focus itself is mde- 
pendent of the other acute local manifestations of inflammation, and the speed 
in the establishment of the general impermeabihzation also suggests that local 
impermeabflization is the first mechanism antagonizmg the local spread of 
infection 

It IS not our purpose to discuss the part played by phagoc 5 'tosis and other 
mflammatory mechanisms m opposmg the steady spreadmg of lesions mduced 
by mvasive bactena, and it is needless also to comment on the important con- 
tnbutions of Menkm (170, 171) m this respect The phenomenon just descnbed 
must be added to these mechamsms Whether some of them are or are not 
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conditioned by the very early changes m tissue permeabihty remains to be 
ascertamed 

The lowermg of tissue permeabihty as a result of inflammation throws hght 
on two groups of facts The first concerns the establishment of a resistance to 
infection 24 hours or less after treatment with a vanety of bactenal preparations 
The best known of these states is that descnbed by Morgenroth, et al (see 67) on 
streptococcus under the misleading term “Depressionsimmunitat ” It seems 
hkely that the data reported by Morgenroth have their basis m a general lower- 
mg of tissue permeabihty The second group of facts are those reported by 
Besredka beanng on the “local immumty” of the skm after treatment with 
filtrates of old cultures of staphylococcus and streptococcus (antivmis) Favilh 
(77, 79) and Favilh and McClean (88, see also 13) have commented on the great 
importance that a lowered local tissue permeability, subsequent to the inflam- 
mation mduced by the treatment, has on the genesis of this local resistance 
TMiether a diminished permeabihty mducmg an mcreased resistance of the whole 
skm can evolve after such treatment remains to be determined 

The mechanisms of lowering of tissue permeability Some of the effects reviewed 
regardmg the influence on infection of physiological factors modifymg tissue 
permeabihty are helpful m the discussion of the present subject We can 
record the morphological changes brought about by some of these factors and 
try to correlate them with the resultant decrease of tissue permeabihty Such 
reasonmg has been used m trymg to explam the beneficial effect of estrone 
treatment on gmgival and vagmal infections, an effect attnbuted to morpho- 
logical changes m the epitheha (see 236), but where the tissue permeabihty has 
been presumably diminished The work of Loeb, et al (132) on mice, confirmed 
by Wolfe, et al on rats (258), has shown that repeated mjections of estrogens 
bnng about the mtercellular deposition of a hyahne or fibrillar material which 
IS collagen or its precursor, and the same phenomenon is observed with advancmg 
age The transformation of reticulum mto coUagen begins at a very early stage 
of hfe (5 days m rats), is largely completed m the yoimger rats, and contmues 
more slowly m older animals It seems very probable that estrone and some 
factor linked with agmg has acted primarily on the mucoid ground substance 
hastemng its transformation mto argyrophihc fibers and collagen, and that this 
process has resulted m a more unpemous mtercellular system But this would 
be no proof that the mcreased number of fibrils are responsible for its diminished 
permeabihty, because fibrfls (McMaster) can weU be conductors and not obsta- 
cles, and changes not detectable histologically may weU be responsible for 
changes of permeabihty 

It can be surmised that most factors that antagonize the effect of S Fs on 
the ground substance also dimmish the permeabihty of the C T , and this has 
been shown to be the case with some of these factors This suggests the possi- 
bflity that quantitative or quahtative changes m compounds of hyaluromc acid 
are important factors conditionmg tissue permeabihty Experimental support 
of this hjpothesis is found m the fact that hyaluromc acid accumulates m the 


/ 


SPREADING FACTORS IN INFECTION 


241 


sexual skm of moiLkeys during the estrous cycle (190) ” The great increase of 
synovial secretion, so nch in hyaluronic acid, in mflammation of the joints 
may suggest an analogous phenomenon m the inflamed C T , but nothmg can be 
ventured as the cause of the diminished permeabihty of the C T away from the 
focus of infection 

In summary, contrastmg with what we have learned of the process of tissue 
permeabihzation, very httle is known of the opposite process Yet, it would 
seem that knowledge gamed on the mechanism of tissue depermeabihzation 
might lead to flndmg new means for the prevention and treatment of disease, 
and imght explam effects of therapeutic agents hitherto not well understood 
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